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NUMMARY 

C H E M I C A L E N G I N E E R I N G DIVISION 

S U M M A R Y REPORT 

I. Chemical-Metal lurgical Process ing (pages 27 to 85) 

Development work on the melt refining process to be used for the 
recovery of enriched uranium from the first core loading of EBR-II is 
essential ly complete, and plant equipment has been installed at the EBR-II 
site in Idaho. 

Complementary to the melt refining process is the skull r ec lama­
tion process , which is under development for the recovery of skull ma­
te r ia l which remains in a zirconia crucible after melt refining. Two 
smal l - sca le demonstration runs (each start ing with about 150 g of skull 
oxide) were completed during the last quar ter . These demonstration runs 
showed that the process is capable of providing adequate uranium recovery 
(at leas t 95 percent) . Adequate separation from uranium of fission prod­
uct elements (with the possible exception of zirconium) was also demon­
stra ted. Zirconium removal will be a problem if an excessive amount of 
zirconia from melt refining crucible fragments is introduced into the skull 
oxide. Concentrations of zirconia crucible fragments of up to about three 
percent (considered an abnormally large introduction of crucible frag­
ments) can be handled in the p rocess . 

Pre l iminary experimentation has been started with the l a rge-
scale integrated equipment for the skull reclamation p rocess . This has 
included t ransfers of flux and metal , determination of heating and cool­
ing ra tes in the furnaces, and measurements of equilibrium tempera­
tures in various par ts of the equipment. 

Beryll ia crucibles made by a thixotropic casting process are 
being evaluated for use in the final three steps of the skull reclamation 
process (two uranium precipitation steps and a retort ing step). One cru­
cible (of 4-in. OD and 9 in. high) which had been in use for a considerable 
period of t ime failed after 465 hr of process use . This is equivalent to 
about 23 plant uses (about 20 hr of use per processing batch) and is r e ­
garded as satisfactory performance. 

Work has continued on separations p rocesses for fast reactor 
fuels containing uranium and plutonium. One procedure involves an 
equilibration of the fuel constituents between liquid magnesium-zinc solu­
tions and molten hal ides. Distribution data for curium and pre l iminary 
information on the distribution of neptunium between liquid zinc-
magnesium and magnesium chloride at 800 C have been obtained. The 
distribution coefficients (ratio of w/o in flux to w/o in metal) for neptunium 



and curium are s imilar to those for uranium and plutonium, reaching a 
minimum value of about 10" at a magnesium concentration of approxi­
mately 10 w/o in the metal phase. In contrast, americium resembles the 
r a r e earth elements in its behavior, with a rninimum distribution coeffi­
cient of about 0.3 at 5 to 10 w/o magnesiuni in the zinc phase. Thus, 
separations of americium from plutonium and curium can be effected by 
this method. Separation factors for americ ium and curium at 800 C vary 
from 15 to 40 as the magnesium concentration in the metal phase is in­
creased from 5 to 100 w/o. 

The solubility of uranium in calcium-zinc solutions was deter ­
mined at 700, 750, and 800 C to provide supporting data for a separations 
process in which uranium and plutonium are coprecipitated, leaving the 
r a re earth fission products in the liquid metal solution. Uranium solubil­
ity at 750 C varied from 2.89 to 0.046 w/o as the calcium concentration 
was increased from 0 to 23.7 w/o. 

An alternative blanket process for separating plutonium from 
uranium was investigated briefly during the past quar ter . In this proc­
ess , uranium and plutonium are first oxidized into a molten halide flux by 
zinc chloride at 800 C and subsequently reduced at 800 C from the flux 
phase with magnesium metal . The reduced plutonium dissolves in excess 
magnesium reductant, while uranium, which has a very low solubility in 
magnesium, precipitates and should settle out of the magnesium phase. 
All reactions went as expected, but the separation of precipitated uranium 
from the magnesium supernatant solution was poor. Although considera­
tion will be given to this phase separation, work will be devoted principally 
to scale-up of the already-demonstrated blanket p rocess . 

In order to take advantage of the good mechanical propert ies of 
porous, coarse-grained crucibles (of alumina, beryll ia, and possibly 
magnesia) for use in liquid metal -sa l t p rocesses , an attempt is being 
made to seal the pores of these crucibles by coating or impregnating the 
inner surfaces with s lur r ies containing finely divided mixtures of low-
melting oxides. After each of two applications of a coating, the crucible 
is fired at an elevated temperature to fuse the coating. Porous alumina 
crucibles have been made impervious to water by a coating consisting of 
a mixture of alumina, calcia, magnesia, and bar ia . The coated crucibles 
have not yet been tested for the containment of molten metal and halide 
salt systems. 

Additional spectrophotometric studies indicate that the soluble 
uranium (V) species formed on thfe addition of higher uranium oxides to 
molten chloride media is s imilar in some respects but not identical to 
uranium oxytrichloride, UOCI3. This result tends to support ear l ie r indi­
cations that the species in solution is U o t ion. 



Work has been started to obtain experimental measurements of 
natural convection heat t ransfer rates in liquid metal . Experimental 
equipment is currently being constructed and assembled. 

Construction of equipment for the preparat ion of uranium and plu­
tonium carbides in high-purity inert atmospheres has continued. The r e ­
action of methane with uranium-zinc intermetall ic phases at 655 to 870 C 
has been shown to produce uranium monocarbide. The product is non-
homogeneous, however, and requires a homogenlzation t reatment . P r e ­
l iminary experiments on the preparation of uranium monosulfide by the 
reaction of hydrogen sulfide with hydrided-dehydrided uranium metal has 
resul ted in a product containing less than 0.5 percent oxide and oxysulfide 
impuri t ies . 

Fur ther resul ts have been obtained on the reduction of thorium 
dioxide by zinc-magnesium alloy at 800 C in the presence of halide fluxes. 
The use of a flux containing only magnesium cation has extended the range 
of magnesium concentrations in the zinc phase over which complete reduc­
tion of the thorium dioxide occurs . The maximum practical thorium load­
ing in the metal phase appears to be about 10 w/o. 

Fur ther information on the preparation of uranium metal by the 
direct reduction of ore concentrates in the presence of a flux indicates 
that about 90 percent of the silicon can be removed from the ore concen­
t ra te by a simple pre t rea tment with ammonium bifluoride or uranium 
tetrafluoride. Ho^vever, relatively large amounts of these reagents a re 
required (fluoride: ore concentrate weight ratios of about 0.2 to 0.3). In 
a labora tory-sca le demonstration experiment, an a rc -mel ted uranium 
ingot was prepared from a typical ore concentrate by this method. 

Study of factors affecting nonturbulent vaporization (vaporization 
from liquid-vapor interface) of mercury was continued. When the level 
of the mercu ry pool was increased from 1 to 2 or 3 in,, a slight increase 
in the nonturbulent vaporization rate was realized, i.e., from 105,000 to 
115,000 Btu/(hr)(sq ft) heat flux at the surface. Changes in the induction 
heater coil configuration were necessary as the liquid metal depth was 
increased. 

Work is continuing on the installation, testing and correct ing of 
equipment in the EBR-II Fuel Cycle Facili ty. 

A ser ies of tes ts have determined the in-leakage rate of air into 
the Argon Cell. In the last test of the se r ies , the Argon Cell was purged 
with nitrogen, and most of the remaining oxygen removed by means of 
the cell atmosphere-purif icat ion system. The air in-leakage ra te , de ter ­
mined by measuring the rate of increase in the oxygen level in the Argon 
Cell, was 0.006 cfm at a p r e s su re in the cell of -4 in. of water. 



A portable luminaire , m i r r o r , and stand have been developed to 
provide brill iant lighting for local a reas in the process cel ls . 

A radiat ion-res is tant clutch has been developed for use with the 
drive motors that move the shielding window shut ters . 

One interbuilding fuel-transfer coffin has been delivered to Idaho. 
A second is under construction. Mercury is being considered as an 
emergency heat t ransfer medium to remove fission product heat from 
these coffins. 

A process has been developed for the in situ removal of sodium 
from fuel subassemblies in the interbuilding t ransfer coffin. The scheme 
consists of converting the sodium to the oxide at low gas-phase concen­
trations of oxygen, converting the oxide to the hydroxide with humidified 
air , and washing the hydroxide from the subassembly with water. A 
sodium-removal station has been designed and procurement of equipment 
items has begun. 

A purification system, which was designed to remove water vapor 
and oxygen from the inert atmosphere of a glovebox, was tested and sent 
to Idaho. 

An offgas-filter assembly has been designed for use with the melt 
refining furnace and similar equipment. The filter assembly util izes glass 
filter media for removing radioactive particulate mater ia l and a charcoal 
bed for adsorbing fission product iodine vapors. 

An oxygen feed-control system for the skull-oxidation furnace 
has been tested. A maximum rate of 1.5 g uranium/min was achieved in 
the oxidation of the uranium in the skull mater ia l to uranium oxide (U3O8). 
The skull was oxidized to a fine powder. 

The first model of the skull reclamation furnace is undergoing 
preliminary tes t s . 

New equipment has been installed which will permit the testing of 
inductive heating and mixing at higher power inputs. 

Experiments to develop a satisfactory metal-vapor condenser and 
collector for use with the melt refining furnace a re continuing. A new con­
denser and collector have been designed and built which can be used with 
the enclosure and the base plate of the melt refining furnace. The new de­
sign can accommodate a larger charge of uranium-magnesium-zinc than 
that which could be accommodated in the melt refining furnace. A test 
run with the new apparatus gave encouraging resu l t s . 
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The solubility of barium in liquid zinc between 5 60 and 710 C may 
be represented by the empirical equation 

log (w/o barium) = 10,464 - 10640 T ' ' . 

The solubility of neodymium over the temperature range 525 to 
753 C may be best represented by two empirical equations: 

(525-700 C) log (w/o Nd) = 10.227 - 12310 T" ' + 2.340-10' T'^ ; 

(700-753 C) log (w/o Nd) = 22.843 - 39810 T" ' + 17.152-10^ T"^. 

The thermodynamics of the plutonium-zinc system have been 
studied by a high- temperature galvanic cell method. The free energy of 
formation of the zinc-rich phase ("Pu2Zni7") in equilibrium with the satu­
rated solution may be represented by the following empirical equation: 

AGf° (kcal/g-atom Pu) = -66.36 + 25.35 x 10"^ T + 11.66 x 10"' T^ 

The yt tr ium-zinc system has been studied by the effusion method. 
The following phases have been found: YZnjj, Y2Zni7, YZns, YjZng, YZn3, and 
YZn2. The effusion studies did not extend below YZn^ and, hence, the exist­
ence of YZn was not confirmed. 

X-ray diffraction powder photographs of V4Zn5 could be indexed on 
the basis of a body-centered tetragonal cell. Both X-ray and neutron dif­
fraction patterns were used to establish the cell pa ramete r s : ao = 8.910 A 
and Co = 3.227 A. 

II. Fuel Cycle Applications of Volatility and Fluidization Techniques 
(pages 86 to 152) 

The development of a Direct Fluorination Process for the r e ­
covery of uranium and plutonium from irradiated nuclear fuels is con­
tinuing. In this p rocess , uranium and plutonium dioxides are fluorinated 
to produce hexafluoride products, which are then decontaminated and 
separated by volatility techniques. 

Experimental work has been ca r r ied out on the oxidation of u ra ­
nium dioxide as a means of "decladding" chopped fuel elements in the 
Direct Fluorination Volatility P rocess ; this is not decladding as the te rm 
is normally used. The uranium dioxide, on being oxidized to uranosic 
oxide, increases in volume and is also t ransformed into a very fine pow­
der which separates from the metallic cladding. Pre l iminary resul ts 
with uranium dioxide pellets clad in Type 304 stainless steel indicate that 
this is a feasible process and that slower oxidation rates (air oxidation 
ra ther than oxidation in pure oxygen) result in greater removal of uranium 
dioxide as uranosic oxide from the cladding. 



It is desirable to know to what extent uranium dioxide reacts 
with chlorine at 600 to 650 C, if chlorine is to be used as a reactant with 
stainless steel in the decladding step of fluoride volatility processes for 
uranium dioxide reactor fuels. Dry chlorine was reacted with a"J"-in.-
diameter, y- in . - long uranium dioxide pellet at 650 C for 3 hr , resulting 
in a conversion of 48 percent of the uranium dioxide to uranyl chloride. 
When the same reaction was carr ied out with an equimolar mixture of 
chlorine and nitrogen at 600 C, two percent of the uranium dioxide was 
converted to uranyl chloride. 

The reaction of uranium hexafluoride vapor and hydrogen sulfide 
vapor takes place readily at 25 C to produce uranium tetrafluoride, sulfur 
tetrafluoride, and hydrogen fluoride. The hydrogen sulfide is fluorinated 
quantitatively to hydrogen fluoride. The reaction can probably be expressed 
by the equation 

3 UF6(g) + H2S(g) = 3 UF4 + SF4 + 2 HF(g) 

In an experiment at 300 C (with a temperature excursion to 480 C), free 
sulfur was also formed. 

Uranium hexafluoride vapor reacts readily with carbon disulfide 
vapor at room temperature . When excess uranium hexafluoride is used, 
the solid product is diuranium enneafluoride (UiFp). When excess carbon 
disulfide is used, the solid product is uranium tetrafluoride. When the 
temperature of the reaction mixture is 100 to 200 C, with excess carbon 
disulfide, the gaseous products are sulfur tetrafluoride, sulfur hexafluo­
ride, tetrafluoromethane, and bistrifluoromethyl disulfide, and possibly 
bistrifluoromethyl trisulfide. When the reaction with excess carbon 
disulfide proceeds to completion at room tempera ture , the main gaseous 
products are bistrifluoromethyl disulfide and bistrifluoromethyl trisulfide, 
with t races of sulfur tetrafluoride. When the reactants are diluted with 
helium gas and the reaction is car r ied out at room tempera ture with ex­
cess carbon disulfide, the only organic gaseous product is bis tr i f luoro­
methyl disulfide. 

Plutonium hexafluoride reacts vigorously with carbon disulfide at 
room temperature . The solid product of the reaction is PUF4. The 
gaseous products are SF4, SFj, and CF4. 

Corrosion of an alloy containing 98 percent nickel and two per­
cent thoria by fluorine was tested at 600 C. Coupons of the alloy and of 
A-nickel were fluorinated simultaneously in a static system at 600 C for 
four days in order to obtain a direct comparison of the ra tes of fluorina­
tion. The rate of fluorination of the nickel-thoria alloy is about an order 
of magnitude greater than that of A-nickel. Also, the fluoride film formed 
on the nickel-thoria alloy tended to spall and fall away. The alloy is 
therefore not suitable as a mater ia l for construction to contain fluorine at 
elevated tempera tures . 
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The absorption spectra of gaseous plutonium hexafluoride in the 
ultraviolet , visible, and near infrared regions have been determined. The 
resul ts indicate a rather complicated spectrum with bands of sharp lines 
at 9583-10,684 cm" , two band groups at approximately 12,000 cm" and 
12,700 cm" , and several other bands before the very strong absorption 
in the 50,000 cm"'-30,000 cm" ' region. 

When the use of plutonium hexafluoride is proposed as in the 
Direct Fluorination P r o c e s s , the decomposition to plutonium tetrafluoride 
and fluorine caused by alpha part ic les emitted by the plutonium must be 
considered. A kinetic study of the decomposition of plutonium hexafluo­
ride by alpha radiation is being made. The resul ts indicate that the rate 
of decomposition of gaseous plutonium hexafluoride increases when the 
initial p r e s su re of plutonium hexafluoride is ra ised from 50 mm to 100 mm. 
The ra te dec reases , however, when the t ime of decomposition is extended 
from 5.6 or 12.6 days to 158 or 176 days. Decomposition ra tes for gaseous 
plutonium hexafluoride at an initial p re s su re of 50 mm were 0.30 ± 0.04 per­
cent per day for 12.6 days and 0.14 ± 0.01 for 158 days. At 100 mm initial 
p r e s su re , the rate for 5.6 and 12.6 days was 0.37 ± 0.02 percent per day 
and for 158 and 176 days was 0.20 ± 0.04 percent per day. 

Additional experiments on the decomposition of gaseous plutonium 
hexafluoride by gamma radiation have corroborated ear l ier resul t s . The 
combined resul ts give a G value of 7.5 ± 0.7. Experiments ca r r ied out on 
the decomposition of mixtures of helium and plutonium hexafluoride by 
gamma radiation have affirmed that helium has a slight effect on the de­
composition of plutonium hexafluoride by gamma radiation. An average 
G value of 6.0 has been obtained for these experinnents. Addition of 
krypton to plutonium hexafluoride reduces the extent of the decomposition 
by gamma radiation, and a G value of approximately 3.8 is obtained for 
krypton p r e s s u r e s up to one atmosphere and total energy absorption of 
less than approximately 5 x 1 0 ev. At a p re s su re of krypton greater 
than one atmosphere or an energy absorption of 1 x 10 ev, a G value of 
1 is obtained for the decomposition. Fur ther work will be done with 
krypton as an additive. Addition of fluorine or oxygen to plutonium hexa­
fluoride apparently reduces the extent of decomposition of plutonium 
hexafluoride by gamma radiation. 

An attempt was made to react PuF^ and CaF2 by contacting them 
at room tempera ture for one hour. Results indicate that no stable com­
plex (i.e., no complex having a low decomposition pressure) is formed 
under these conditions. 

Engineering-scale development studies are being ca r r ied out on 
the direct fluorination of uranium dioxide pellet fuel with the aim of 
optimizing batch-processing t ime and fluorine efficiency in s ingle-vessel 
operation. In these studies, fluidization of inert , refractory alumina above 



the uranium dioxide pellet bed and in the voids of the pellet bed is used 
as an aid to heat removal . Heat removal is also improved by use of a 
two-zone oxidation-fluorination technique which involves oxidation of the 
uranium dioxide to uranosic oxide fines in a lower zone (pellet bed), and 
fluorination of the fines in an upper, unhindered fluidized bed of alumina. 
In a current ser ies of runs, further tes ts of thermal gradients in the 
pellet bed were inade and evaluation of a gas-pulsing technique was begun. 
These techniques a re intended to improve fines t ransport from the lower 
to the upper zone. In three runs , excessive ra tes of fines production and 
transport led to formation of intermediate uranium fluorides or plugging 
of fluorine inlet lines to the reactor . These resul ts indicated that high 
oxygen concentrations (about 20 percent) and thermal gradients in the 
pellet bed were not necessary to produce uranium hexafluoride at pract i ­
cal ra tes , since a significant improvement in fines t ransport was obtained 
by use of the gas-pulsing apparatus. Accordingly, with gas pulsing and 
with both the oxidation and fluorination zones at about 500 C, two 12-in. 
batches of pellet bed charges of 8.8 kg uranium dioxide were completely 
fluorinated with 4.5 and 6.0 percent oxygen in nitrogen in total processing 
t imes of 15 and 12.5 hr, respectively. These processing t imes included 
a period of alumina bed cleanup and established the shortest processing 
times for 12-in. beds of pellets yet achieved in these fluorination studies. 
These runs were without operational difficulty. Sustained periods of high 
hexafluoride production rates were obtained in the runs, and a maximum 
rate of 107 lb UF6/(hr)(sq ft of reactor c ross section) was demonstrated. 
Overall fluorine efficiencies of about 70 percent were achieved in both runs. 

One possible method of separating uranium dioxide reactor fuel 
from its cladding is to shear the fuel elements into short lengths and ca r ry 
out an oxidation to produce uranosic oxide (U3O8) powder. This powder 
may then be separated from the cladding pieces by mechanical means . 
Studies have been undertaken on the removal of uranium dioxide pellets 
from stainless steel cladding by oxidation in a packed-fluidized bed. This 
process may then be incorporated into the two-zone oxidation-fluorination 
scheme for producing uranium hexafluoride. Pre l iminary experiments 
have shown that a high reaction temperature (up to 500 C) and gas pulses 
improve the rate of separation of uranium oxide from stainless steel 
cladding in a bed of 1 g'-in.-long simulated fuel element segments. Rates 
of removal are nearly constant with time for removals of up to about 
80 percent of the uranium dioxide (80 percent in 10 hr at 450 C). Tests 
are continuing. 

Supporting studies were also undertaken to obtain heat t ransfer and 
elutriation data for mixtures of uranosic oxide in fluidized Alundum in the 
particular equipment configurations used in the Direct Fluorination P r o c e s s . 

When gas is passed through a bed of pure uranosic oxide fines 
(mean diameter of 4/i) , channeling of the bed takes place and there is no 
fluidization. By visual observation, this gas channeling appeared to be 



eliminated by gas pulsing of the fluidizing gas; thus, more uniform agita­
tion was established throughout the bed. Although gas pulsing of the 
fluidizing gas improved heat t ransfer coefficients at fluidization gas ve­
locities above 0.2 f t /sec , the rate of gas pulsing did not have a significant 
effect on the coefficient of heat t ransfer from the surface of an internal 
heater to the bed. At superficial fluidizing gas velocities below 0.6 f t /sec , 
high gas-pulse ra tes provided better heat t ransfer . 

For mixtures of the uranosic oxide fines and 50 to 170 mesh Alun­
dum at gas-pulse ra tes of about 25 pulses /min, small increases in the 
heat t ransfer coefficient were observed upon increasing the Alundum con­
tent from 0 to 100 w/o (balance U3O8) and upon increasing the superficial 
gas velocity from 0.1 to 0.9 f t / sec . The effect of the superficial gas 
velocity on the heat t ransfer coefficient was less at the higher Alundum 
compositions in the U3O8-Alundum mixtures . The data indicate a maxi­
mum value for the heat t ransfer coefficient of 200 Btu/(hr)(sq ft)(F) at 
about 15 w/o U3O8-85 w/o Alundum and a superficial gas velocity of 
0.6 f t / sec . 

In heat transfer studies made without gas pulsing, the heat t r a n s ­
fer coefficients of mixtures of 65 to 100 w/o Alundum and 35 to zero w/o 
U3O8 did not differ significantly from the coefficients obtained with s imilar 
mixtures which were subjected to gas pulsing. However, at the lowest 
superficial fluidizing gas velocity (0.2 f t /sec) , which is slightly above the 
minimum fluidization point for Alundum, the maximum heat transfer coef­
ficient value was somewhat more pronounced. 

Studies were made of the elutriation rates of U3O8 fines (average 
diameter: 4/i) from fluidized mixtures containing about 6 w/o U3O8 fines 
in Alundum (-40, +170 mesh). A strong effect of superficial velocity of 
the fluidizing gas (air) on the elutriation rate was noted. Gas pulsing 
superimposed on the fluidizing gas increased the elutriation rate slightly, 
with higher ra tes being observed at higher frequencies of pulsing. In 
general , the fines were elutriated initially at a constant ra te , expressed 
in t e rms of percent of fines elutriated per unit t ime. At the point at 
which about 75 percent of the original charge of fines had been elutriated, 
the elutriation rate decreased. In the constant-rate period, elutriation 
ra tes of 3.7 percent /min , 1.8 percent /min, and 0.42 percent /min were 
measured for fluidizing gas velocities of 1.0 f t / sec , 0.67 f t /sec , and 
0.33 f t / sec , respectively, in the absence of pulsing. At a gas rate of 
0.67 f t /sec and a pulse frequency of 20 pulses /min, the elutriation rate 
was 2.3 percent /min . 

The presence of a uranium dioxide pellet bed which is submerged 
in the fluidized bed had the effect of lowering the elutriation rate of 
U3O8 fines. However, elutriation in this case can be increased with high 
pulse gas manifold p r e s su re s and/or high gas pulse r a t e s . Without 



pulsing of the fluidizing gas and with the packed bed extending above 
the fluid bed, the elutriation rates were reduced to very low values 
(about 0.1 percent /min) . 

An effect of size of the fluidized Alundum part icles on the 
elutriation rates for U3O8 fines was demonstrated. Elutriation ra tes for 
U3O8 fines were higher in mixtures of U3O8 and Alundum which contained 
60 or 90 mesh Alundum than for mixtures which contained 120 mesh or 
-40 +170 mesh Alundum. In 60 min, about 85 percent of the fines was 
elutriated from the 60 and 90 mesh Alundum, whereas about 70 percent 
of the fines was elutriated from the 120 mesh and the 40 to 170 mesh 
Alundum. 

Development work on a fluid bed-volatility process scheme for the 
recovery of enriched uranium from low uranium-zirconium alloy fuel is 
in p rogress . This process involves a chlorination of the alloy while it is 
submerged in an inert fluidized bed (currently Norton Company Alundum), 
and a subsequent fluorination step. The zirconium is separated from the 
alloy as the volatile tetrachloride during the chlorination step. The ura­
nium is recovered as the volatile hexafluoride during the fluorination step. 

Current studies involve the hydrogen chloride-fluorine cycle and 
the modified procedure whereby several batches of fuel a re hydrochlo-
rinated in succession, followed by a single fluorination to recover the 
uranium. In these studies, three equal-weight batches (total of 720 g) 
of five w/o uranium-Zircaloy alloy were processed. 

Data on the progress of the hydrochlorination reaction was ob­
tained by continuous analysis of the off-gas s t reams with in-line thermal 
conductivity cells. The data indicated that about 70 percent of the first 
batch of alloy had been reacted when the second batch was charged and 
that a total of 79 percent of the first two batches had been reacted when 
the final batch was charged. During the period of constant reaction ra te , 
the alloy was reacted at a rate of about 70 g/hr; peak ra tes were about 
90 g/hr, as compared with previous peak ra tes of about 50 g/hr . 

Overall results showed that this two-reactant cycle gave uranium 
losses comparable with those sustained previously from a more lengthy, 
four-reactant cycle which involved reactions with hydrogen chloride, a 
hydrogen chloride-phosgene mixture, hydrogen fluoride, and finally 
fluorine. The quantity of uranium lost through the static bed filter during 
the entire hydrochlorination period (20.5 hr) was about 0.1 percent of the 
total uranium charged, as compared with a previous loss of about 0.25 per­
cent in the four-reaction run; the quantity of uranium retained by the Alun­
dum beds after the fluorination was about 0.5 percent of the total uranium 
charged, as compared with a previous value of 0.4 percent. The final 
uranium concentration in the Alundum was about 0.05 w/o. Data obtained 
from the analysis of samples taken from the fluid bed at half-hour intervals 
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d u r i n g f l u o r i n a t i o n t end to c o n f i r m the p r e v i o u s r e s u l t s wh ich s h o w e d t h a t 
only one h o u r of f l u o r i n a t i o n at 350 C fol lowed by one h o u r of f l u o r i n a t i o n 
at a h i g h e r t e m p e r a t u r e (~500 C) a r e r e q u i r e d to a c h i e v e t h e s e a c c e p t a b l e 
r e s i d u a l u r a n i u m v a l u e s . 

Da ta o b t a i n e d d u r i n g the f l u o r i n a t i o n s t e p f r o m the t h e r m a l c o n ­
duc t iv i t y c e l l s i n d i c a t e d tha t about 90 p e r c e n t of the u r a n i u m was r e c o v e r e d 
f r o m the r e a c t o r a s s e m b l y d u r i n g the f i r s t 30 m i n of the l o w - t e m p e r a t u r e 
(350 C) f l u o r i n a t i o n p e r i o d . 

S tud ie s w e r e con t inued on a fluid b e d - p y r o h y d r o l y s i s r e a c t i o n 
s c h e m e for c o n v e r t i n g the w a s t e z i r c o n i u m t e t r a c h l o r i d e p r o d u c e d d u r i n g 
the h y d r o c h l o r i n a t i o n of u r a n i u m - z i r c o n i u m a l loy fuels to z i r c o n i u m 
dioxide for m o r e conven ien t s t o r a g e . C u r r e n t e f for t s a r e c o n c e r n e d wi th 
d e m o n s t r a t i n g the o p e r a b i l i t y of the 6 - i n . - d i a m e t e r r e a c t o r s y s t e m with 
feed r a t e s tha t a r e s ign i f i can t ly h i g h e r than t h o s e u s e d p r e v i o u s l y , t y p i c a l 
v a l u e s be ing 4.1 to 5.1 k g / h r of z i r c o n i u m t e t r a c h l o r i d e a s c o m p a r e d wi th 
p r e v i o u s r a t e s of 2 to 3 k g / h r . 

In two of the four e x p e r i m e n t s c a r r i e d out d u r i n g t h i s p e r i o d at 
t h e s e h i g h e r r a t e s , the s t a r t i n g b e d s w e r e r e l a t i v e l y fine m e s h sand 
(96.5 p e r c e n t p a s s i n g 100 m e s h , 78 p e r c e n t p a s s i n g 200 m e s h ) . T h e s e b e d s 
w e r e i n t e n d e d to s i m u l a t e the p o s s i b l e cond i t i on of e x t e n d e d - l e n g t h o p e r a ­
t ion w h e r e i n e x c e s s i v e a m o u n t s of f ines would have a c c u m u l a t e d in t he bed . 
The o v e r a l l r e s u l t s of the e x p e r i m e n t s , which w e r e of 2 ^ to 5-|--hour d u r a ­
t ion , w e r e c o n s i d e r e d s a t i s f a c t o r y , the c r i t e r i a b e i n g : 

a) no p r e s s u r e i n c r e a s e a c r o s s the exi t gas f i l t e r s ; 

b) c o m p l e t e c o n v e r s i o n of the z i r c o n i u m t e t r a c h l o r i d e v a p o r 
to the so l id oxide ( ind ica ted by the a b s e n c e of z i r c o n i u m in 
t he o f f -gas c o n d e n s a t e s t r e a m ) ; 

c) no cak ing of the bed , even when the b e d c o n s i s t e d p r i m a r i l y 
of f ines ( l e s s than 200 m e s h m a t e r i a l ) ; 

d) r e a s o n a b l y good m a t e r i a l b a l a n c e s ob t a ined in e a c h r u n . 

I n s t a l l a t i o n of t he p i lo t p lan t f ac i l i t y i n t ended for d e m o n s t r a t i o n of 
t he f l u i d i z a t i o n - v o l a t i l i t y p r o c e s s s c h e m e for t he r e c o v e r y of u r a n i u m 
f r o m u r a n i u m - z i r c o n i u m a l loy fuels i s now about 75 p e r c e n t c o m p l e t e . 
L e a k - t e s t i n g and i n s t r u m e n t c a l i b r a t i o n is p r o c e e d i n g c o n c u r r e n t l y wi th 
i n s t a l l a t i o n . C u r r e n t p l a n s ca l l for o p e r a t i o n of t h i s fac i l i ty wi th only 
n o n i r r a d i a t e d fuel m a t e r i a l (up to 30 kg of a l l oy p e r c h a r g e ) . A s tudy a t 
h igh r a d i a t i o n l e v e l s i s p l a n n e d for a b e n c h - s c a l e ( l - j — i n . - d i a m e t e r ) un i t 
now in p r e l i m i n a r y d e s i g n s t a g e s . 
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A pulsed-bed method of loading large fuel elements into a bed of 
solids has been developed. This method offers a solution to the problem 
of loading the fuel assemblies in the fluidization-volatility pilot plant. 

Fluid-bed studies of a simple process scheme for producing high-
density spheroidal uranium dioxide part ic les directly from uranium hexa­
fluoride were continued in a 3-in.-diameter Monel column. The scheme 
involves reaction of the uranium hexafluoride vapor with a mixture of 
steam and hydrogen in the presence of a product oxide bed at temperatures 
of 650 to 700 C. The reaction occurs preferentially on the surface of the 
bed part ic les , and the solid reaction products (uranium dioxide plus a 
relatively small amount of fluoride-bearing material) are deposited as a 
dense, adhering layer. The residual fluoride is removed by further r e ­
action (with steam and hydrogen only). 

Current work was concerned with further demonstrating the feasi­
bility of preparing relatively specific size fractions, which might be needed 
in particulate fuel applications. Material , pr imar i ly of 80 to 100 mesh size 
and having a particle density of 9.4 g/cc (as measured by mercury dis­
placement), was prepared from a starting bed of 100 to 140 mesh par t ic les . 
The product contained about 62 percent +100 mesh mater ia l and less than 
one percent +80 mesh mater ial . 

Preparation of relatively coarse (+20 mesh) part ic les from a 
starting bed of 20 to 40 mesh mater ia l was attempted also. In the current 
experiment, a gas pulse-fixed bed technique was employed instead of the 
regular fluid-bed method, in order to avoid using the high flow ra tes of 
gas essential for fluidizing beds of coarse mater ia l . However, this p ro­
cedure does not appear presently to be feasible. Attrition of the part icles 
occurred such that there was only a slight overall increase in particle 
size; also, many fragmented sections of the coating were found in the 
product. 

III. Calorimetry (pages 153 to 166) 

The combustion techniques developed for the low-melting metals 
have been used to determine the heat of formation of zinc difluoride: 
AHf°298 (ZnF2,c) = -183.0 ± 0.4 kcal /mole . 

Two series of combustions of tantalum in fluorine have been run. 
By the same techniques and in a concurrent study, a ser ies of combustions 
of niobium in fluorine has been partially completed. Final data have not 
been obtained; however, the precision obtained for the prel iminary data, 
0.01 percent, is excellent. 

Calorimetric combustions of ruthenium in fluorine have been com­
pleted. Prel iminary but incomplete calculations indicate that the energy of 
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combustion of ruthenium in fluorine is approximately 2097.8 cal /g and 
that the precision of six determinations is 1.3 cal /g or 0.06 percent. 

Pre l iminary exploratory experiments a re being carr ied out to 
develop techniques for the determination of the heats of formation of 
tetrafluoromethane and silicon carbide by fluorine bomb calor imetry. 
Pre l iminary exploratory experiments are also being car r ied out to develop 
techniques for the determination of the heat of formation of uranium mono­
sulfide by fluorine bomb calor imetry . 

Testing of the 1500 C drop calor imeter furnace is continuing. A 
dummy platinum capsule with thermocouples on the top and bottom was 
used to probe the hot zone of the furnace for tempera ture gradients. A 
maximum tempera ture gradient of 0.18 C was observed with the furnace 
operating at 1004 C. Design of the 2500 C furnace is continuing. 

IV. Reactor Safety (pages 167 to 187) 

The air oxidation of uranium at t empera tures above 500 C is 
being investigated in order to determine the nature and degree of protec-
t iveness of oxide films formed. Previous studies of ignition behavior have 
indicated that protective oxides may be formed at these high tempera tures . 
An important part of the study is an assessment of the role of nitrogen in 
the oxidation reaction. 

In this current study, uranium specimens were heated by induc­
tion in a flowing s t ream of an argon-air mixture. It was possible to 
compensate for heat generated by the a i r -uranium reaction by manual 
adjustment of the induction generator power. Depletion of oxygen and 
nitrogen in the gas s t ream was determined by mass spectrometr ic de­
terminations at 2-min intervals . Results showedthat the reaction followed 
a l inear rate law at 500, 600, 700, and 800 C, and was initially parabolic at 
900 and 1000 C, but subsequently became l inear . Mass spectrometr ic anal­
yses indicated that there was no significant uptake of nitrogen at any tem­
pera ture studied. 

Isothermal studies of the oxidation of plutonium are continuing. 
Research is being ca r r ied out in new glovebox facilit ies. Isothermal oxi­
dations a re performed with plutonium cubes containing less than 1000 ppm 
of analyzed metallic impuri t ies . An automatically loaded analytical balance 
equipped with a tempera ture t ransducer is used. Oxidations were found to 
be initially parabolic over the entire temperature range studied, i .e. , from 
140 to 480 C. A consistent parabolic rate law is followed over the range of 
stability of the beta and gamma phases, namely, 120 to 320 C. A decrease 
with tempera tures in the parabolic rate constant occurs in the delta phase 
between 320 and 450 C. The initially parabolic ra tes become linear after 
a period of t ime. The activation energy for the parabolic rate law is 



about 32 kcal/mole over the temperature range frora 140 to 320 C, whereas 
the subsequent linear rates have an activation energy of 16 kcal /mole over 
the same temperature range. The ra tes and activation energies were con­
sistent with a mechanism based on the diffusion of oxygen ions through an 
oxide film composed either of PuO or PU2O3. The second-stage linear 
rates might then result from failure of the protective oxide film. A third 
stage occurred in the reaction between 140 and 220 C (region of stability of 
beta-phase plutonium) in which a temperature-independent l inear reaction 
occurred. The complex paralinear reaction in the region of the delta phase 
of plutonium (320 to 450 C) may be influenced by changes (recently deter­
mined to occur at 300 C) in the crystal s t ructure of plutonium oxides. 

The experimental program to determine ra tes of reaction of 
molten reactor fuel and cladding metals with water is continuing. One 
method involves the rapid melting and dispersion of metal wires in a water 
environment by a surge current from a bank of condensers . A ser ies of 
runs with stainless steel-302 samples in the form of wires has been pe r ­
formed in order to compare resul ts with those of previous studies with 
stainless steel-316. Runs with the 302 alloy were made in water at room 
temperature and at 200 C. The extents of metal-water reaction, as meas ­
ured by the quantity of hydrogen generated, were identical for the two alloys 
except in the region of high initial metal tempera ture m heated water, for 
which greater reaction occurred with the 302 alloy. The somewhat greater 
reaction may have resulted from the formation of smal ler part icles by the 
302 alloy. If the increase had resulted from a difference in reaction ki­
netics for the 302 alloys, greater reaction in room temperature water 
also would be expected. 

Studies of metal-water reactions initiated by a nuclear transient 
are continuing. In these studies, small fuel specimens were submerged 
in water in high-pressure autoclaves which were placed in the center of 
TREAT and subjected to severe nuclear t rans ients . Eleven unclad 
81 w/o aluminum-17 w/o fully enriched uranium-2 w/o nickel fuel plates 
(SL-l type) were subjected to destructive t rans ients . One additional 
transient was performed with clad SPERT 1-D fuel mater ia l to complete 
the previously reported ser ies of experiments (see ANL-6648, page 201). 
The appearance of the samples after irradiation showed the effects of 
increasingly destructive reactor energies. Degree of fragmentation as 
judged by the particle size and porosity of individual fragments increased 
regularly as the energy was increased beyond the melting energy. Slab­
like crystals in the fragments were character is t ic of mater ia l which r e ­
ceived nuclear energy inputs between 530 and 800 ca l /g during reactor 
periods of 40 to 80 msec . 

The extent of metal-water reaction increased with energy input in 
three regions. Reaction was slight below an energy input of 530 ca l /g , 
reaching seven percent. Reaction increased uniformly with increasing 



25 

energy input to about 27 percent at 880 cal /g . The appearance of the 
residue from runs at still higher energies suggested that vapor-phase 
burning had occurred which resulted in extensive damage to internal 
parts of the autoclave. Reaction was as high as 54 percent in this 
high-energy region. 

V. Energy Conversion (pages 188 to 202) 

Temperature-emf-composi t ion data for the l i thium-bismuth 
bimetallic cell have been obtained. Reproducibility and reliability of the 
data a re satisfactory for the calculation of thermodynamic quantities, 
but analysis of the data is incomplete. Instability of the cell voltage 
caused by the reduction of potassium chloride in the electrolyte by the 
lithium anode and voltage drop due to i r revers ib le transfer of lithium 
from the anode to the cathode were eliminated. It is suggested that the 
liquid metal alloy which serves as the cathode of a regenerative emf cell 
might also operate as a liquid fuel element in a reac tor . This would 
allow the direct deposition of heat in the liquid metal system to be r e ­
generated. In a single experiment, the cell voltage was not seriously 
affected by the addition of a small amount of normal uranium to the 
l i thium-bismuth alloy serving as the cathode in a bimetallic cell with a 
pure lithium anode. Spontaneous thermal regeneration of the lithium-
bismuth cell at 1000 C appears to be questionable with a calculated 
lithium vapor p ressu re of 0.8 mm. 

The phase diagram of the lithium chloride-li thium hydride system 
is presented in final form with the analysis of the thermodynamic data for 
lithium hydride and lithium chloride. 

Data on the permeation rates of hydrogen through iron-molybdenum 
alloys and pure vanadium metal a re reported. The iron-molybdenum al­
loys do not show a significantly greater permeation rate than pure iron in 
spite of the reported greater solubility of hydrogen in the iron-
molybdenum alloys. Vanadium shows very high permeation r a t e s . How­
ever, the metal surface is very sensitive to t race impuri t ies , and some 
method of stabilizing the meta l -gas interface needs to be devised to make 
the operation of the diaphragm rel iable. 

The resul ts of thermoelect r ic parameter measurements made on 
sintered specimens of uranium monosulfide (US)-thorium monosulfide 
(ThS) solid solutions having compositions (expressed in mole percent) of 
75 US-25 ThS and 25 US-75 ThS are consistent with previous observations, 
namely, that (1) the Seebeck coefficient decreases with increasing ThS con­
tent, (2) the thermoelect r ic power shows a weak dependence on tempera­
ture , and (3) the resis t ivi ty decreases with increasing ThS content. 
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Equipment planning and equipment acquisition is in p rogress for 
effusion and mass spectrometr ic studies of the gaseous decomposition 
products of refractory nuclear reactor fuel ma te r i a l s . 

VI. Routine Operations (page 203) 

The operation of the radioactive waste-processing facility and the 
gamma-irradiat ion facility continued without incident. 
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CHEMICAL ENGINEERING DIVISION 
SUMMARY REPORT 

January, February and March, 1963 

I. CHEMICAL-METALLURGICAL PROCESSING* 

Pyrometal lurgical p rocesses for the recovery of fissionable ma­
ter ia l from discharged reactor fuels offer promise of achieving a reduction 
in the reprocess ing costs associated with nuclear power. The principal 
charac te r i s t i cs of pyrometal lurgical p rocesses which are likely to result 
in reduced costs are their simplicity, compactness, low-volume dry 
was tes , and capability for handling short-cooled fuels, with an attendant 
reduction in fuel inventories. Since pyrometal lurgical p rocesses are at 
present low-decontamination p rocesses their use in a fuel cycle requires 
remote refabrication of the fuel. This problem for plutonium-bearing fuels 
of high burnup is present to some extent because of the radiation problem 
associated •with the higher plutonium isotopes and is not unique for pyro­
metal lurgical p roces ses . Among the pyrometallurgical p rocesses under 
development are melt refining (a simple melting procedure for metallic 
fuels) and various p rocesses for core and blanket mater ia l s which utilize 
liquid metal solvents as processing media. Pyrometal lurgical techniques 
also show pronnise for the preparat ion of various reactor-fuel mater ia l s , 
including metals and carbides. The melt refining process is presently in 
the most advanced state of development and will be used for recovery of 
enriched uranium from the first core loading of the second Experimental 
Breeder Reactor (EBR-II). 

A. Pyrometal lurgical Development 

1. Melt Refining 
(R. K, Steunenberg, L. Bur r i s , J r . ) 

The fuel charge to the melt refining process consists of approx­
imately 50 percent enriched uranium alloyed with about 5 w/o noble metal 
fission product e lements . The fuel pins are clad with stainless steel, 
thermally bonded by a small amount of sodium. The pins are declad m e ­
chanically, chopped, and charged to a l ime-stabi l ized zirconia crucible in 
which they are melted and maintained in a liquid state at 1400 C for a 
period of 3 to 4 hr. Approximately two-thirds of the fission products are 
removed in this procedure through volatilization and selective oxidation. 
The purified metal product is poured to form an ingot from which new 
pins a re p repared by injection casting. A mixture of oxidized and unpoured 
metal remaining in the crucible as a skull is recovered by a separate 
p rocess employing liquid metal solvents. 

*A summary of this section is given on pages 11 to 15. 
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Development of the melt refining process is essentially com­
plete, and plant equipment is currently being installed in the Fuel Cycle 
Facility at the EBR-II site in Idaho, 

2. P rocesses Utilizing Liquid Metal Solvents 
(L. Burr is , J r . , R, K, Steunenberg) 

The development of several p rocesses which employ liquid 
metals and salts as media has continued. The skull reclamation process 
for recovering the fissionable material remaining in the crucible residue 
(skull) after a melt refining operation has been investigated further in 
pilot-plant runs with unirradiated mater ial . Equipment-development 
studies and demonstration experiments on a larger scale are also being 
conducted in essentially full-scale integrated process equipment. Dem­
onstrations of a liquid metal process for the extraction of plutonium from 
EBR-II blanket material have continued. Laboratory development work is 
continuing on processes for the recovery of uranium and plutonium from 
future fast breeder reactor cores by means of pyrometallurgical procedures. 

Supporting fundamental studies of liquid metals and molten 
salts of process interest are in p rogress . These studies include investi­
gation of the chemical reactions involved in process steps and accumulation 
of information of engineering importance, i .e. , on distillation, heat t r ans ­
fer, and mixing character is t ics of liquid metals and sal ts . 

a. Demonstration of the Skull Reclamation P roces s 
(R, D, Pierce and K. R, Tobias) 

The skull reclamation process is being developed as an 
auxiliary to melt refining for processing the first fuel loading of the 
EBR-II reactor. The skull process has two purposes: (1) recovery of 
fissionable materials from melt refining crucible scoria and (2) separa­
tion of fission products from uranium. The recovered and purified u r a ­
nium will be returned to the main processing line of the EBR-II fuel cycle. 
The skull recovery process provides the necessary separation of all non­
volatile fission products from uranium. 

Small-scale demonstrations of the skull reclamation 
process (involving 100 to 150 g of uranium) are in p rogress in equipment 
located inside an argon glovebox as discussed in Chemical Engineering 
Division Summary Report for January, February, March 1962, ANL-6543, 
pp. 32 to 35. These demonstration runs are being made to expose and 
rectify any process difficulties, and to establish permiss ible ranges of 
process variations. The determination of optimum flowsheet conditions 
m these small-scale runs will permit emphasis to be given to process 
mechanics and equipment performance in large, integrated p rocess equip­
ment, construction of which is now essentially complete (see Section C). 
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A mater ia l -balance flowsheet for two demonstration runs 
is presented in Figure I - l . The skull oxide employed in the runs was from 
a common batch of mater ia l prepared from a melt refining skull containing 
ruthenium-rhodium-106 t r a ce r , since the ruthenium concentration was too 
low for analysis by methods other than radiochemical. The fraction of 
fine crucible fragments in this skull oxide was unusually large - 10 pe r ­
cent instead of more typical percentages of one to three. (Zirconium is 
also introduced into the feed mater ia l of the skull reclamation process as 
a fission product.) By use of this mater ia l , the maximum capability of 
the process for zirconium removal could be determined. 

The salt flux charge in both runs had the following com­
position (in mole percent): 46.8 calcium chloride, 46.8 magnesium chlo­
ride, 4,9 magnesium fluoride, and 1,5 zinc chloride. Zinc chloride was 
present in the flux phase to insure oxidation of any uranium metal present . 
On oxidation, uranium t ransfers into the flux phase. On reduction of the 
zinc chloride, which occurs in the reduction step (Step B of Figure I- l ) 
and may part ial ly occur in the noble metal extraction step (Step A), the 
flux composition becomes 47.5 magnesium chloride, 47.5 calcium chloride, 
and 5.0 magnesium fluoride. 

The overall process performance obtained in the demon­
stration runs is given in Table I - l . The cerium removal of over 90percent 
is considered good. Because the required removals of ruthenium and 
molybdenum are modest (a minimum of 50 to 60 percent) , their removals 
a re also adequate. The somewhat low overall ruthenium removal of 53 pe r ­
cent experienced in Run BJ-16 was the resul t of deliberate process variation, 
as will be explained la ter , and would normally be considerably higher (as 
in Run BJ-17). The zirconium removal is adequate for normal skull oxide 
which contains less than three percent zirconia crucible fragments. Al­
though the removal is not adequate for skull oxide of high zirconia content 
such as that used in these runs, occasional products containing a higher 
zirconium concentration will not be objectionable because fuel performance 
is not impaired by high concentrations of zirconium. 

Since the percentage of EBR-II fuel mater ia l processed 
in the skull reclamation p rocess •will be about ten percent of the total fuel 
mater ia l , the required uranium recovery is only about 95 percent. It 
should be eas ier to achieve high uranium recover ies in la rge-sca le runs 
than in the p resen t smal l -sca le demonstration runs, A uranium yield of 
95 percent •was real ized in Run BJ-17. 

The lower yield of 85 percent in Run BJ-16 is attributed 
to the following: F i r s t , in Run BJ-16 the uranium in the reduction heel 
solution was not compensated for by an incoming reduction heel as in 
Run BJ-17 (see Figure I - l ) . In the calculation of the yield, the uranium 
in the heel solution was treated as being lost, although, in repetitive runs. 
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PERFORMANCE OF SKULL RECLAMATION PROCESS IH TWO SMALL-SCALE DEMONSTRATION RUNS 

Constituent 

Uranium 
Cerium 

Molybdenum 

Rutf ienium 
Z i rcon ium 

Charge 1 Composition -
Oxygen-free Basis 

lv>/ol 

77 
5,9 
2,0 
1,6 

13,3 

Uranium 

Yield 1%) 

85 

--
-
-

IBJ-16 AND B l -

(see conditions in 

Run BJ-16 

Fission 

Product 

Removal (%) 

% 80 
53 
85 

Fig 

•171 

u r e l - l l 

Product 

Composition 
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94,9 
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0.60 

I.l 
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Urani i jm 
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95 
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-
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Run BJ-17 

Fission 

Product 

Removal (%) 

92 
72 
93 
87 

Product 

Iw/ol 

94.5 
0,63 

0.74 

0,15 
3,9 

the heel solutions a re recycled to succeeding runs. If the uranium in the 
reduction heel solution is credited, the uranium yield in Run BJ-16 is over 
90 percent. The second reason for the lower yield in Run BJ-16 is that an 
unusually high uranium loss was experienced in the supernatant waste solu­
tion of tha intermetall ic precipitation step. Since this loss is greatly in 
excess of that represented by the solubility of uranium in this phase, 
physical car ryover of precipitated uranium is indicated. If this problem 
recurs in future runs, it will be given special attention. 

Other factors in these two demonstration runs which meri t 
special consideration are discussed below. 

(l) Noble Metal Extraction 

The noble metal extraction steps of Runs BJ-16 and 
BJ-17 differed in two respects : the agitator position was closer to the 
meta l - sa l t interface in Run BJ-17, and the waste zinc phase was agitated 
during the transfer in BJ-17 but not in BJ-16. 

The extraction of ruthenium into zinc in Run BJ-16 was 
only 50 percent after 4 hr at 800 C as compared with extraction of 85 to 
100 percent in Run BJ- 17 and in Runs BJ- 13, BJ- 14, and BJ- 15, previously 
reported in ANL-6648, p. 40. The same downward-deflecting agitator op­
erating at 1000 rpm was employed in all five runs, but in the three ear l ier 
runs a small zinc charge was employed. This resulted in placing the flux-
salt interface just above the agitator, whereas in Run BJ-16 made with a 
larger zinc charge the interface was 1-j- in. above the top of the agitator 
blade. In an attempt to evaluate the effect of agitator position, the blade 
was positioned -i. in. below the interface in Run BJ-17, which otherwise 
was identical with Run BJ-16. Since these resul ts emphasize the im­
portance of the agitation, additional attention will be given to mixing va r i ­
ables in future runs. 

In Runs BJ-16 and BJ-17, the flux phase was frozen 
before the zinc phase was t ransferred (by pressure through a dip tube). At 
the temperature (525 C) at which the zinc phase was t ransferred, the bulk 



of the ruthenium precipitated since its solubility at this tempera ture is 
only about O.OZ w/o. In Run BJ-17, the zinc phase was s t i r red at 300 rpm 
during transfer, whereas in Run BJ-16 it was not. Chemical analysis of 
the zinc phase in Run BJ-16 prior to cooling from 800 to 525 C for the 
transfer showed that 50 percent of the total ruthenium had been extracted 
from the skull oxide. However, only about 10 percent of the total ruthenium 
was found in the t ransferred zinc. In Run BJ-17, the ruthenium transferred 
(85 percent) corresponded to that found in solution at 800 C. Mild agitation 
of the zinc extract is evidently necessary to keep noble metals in suspen­
sion during transfer of the zinc to waste. The loss of uranium in the waste 
zinc phase wa.s negligible - less than 0.01 percent. 

(2) Oxide Reduction 

Reduction of uranium to metal was 99.6 percent com­
plete in Run BJ-16 and 99.3 percent complete in Run BJ-17. After com­
pletion of the oxide reductions, the metal and flux phases were t ransferred 
together into a mold by pressure siphoning and separated after solidifica­
tion. A semi-automatic procedure of separating flux and metal phases, 
which has been developed for use in the plant equipment (see Chemical 
Engineering Division Summary for January, February, March 1962, 
AN1-.-6543, pp. 39 to 42), cannot be conveniently employed with the sinall-
scale demonstration equipment. 

By mater ia l balances, it was determined that the z i r ­
conium oxide reductions were about 50 percent in Run BJ- 16 and 35 percent 
in Run BJ-17, These low reductions were advantageous and provided r e ­
moval in the flux wastes of much of the zirconium present in the skull oxide 
charges. 

(3) Uranium-Zinc Intermetallic Compound Precipitation 

Uranium is precipitated from zinc solution as zinc 
intermetallic compounds by cooling to about 525 C, The uranium solubility 
at this temperature is about 0.03 w/o. In both runs, the uranium loss in 
the supernatant solution was higher than the solubility value, part icularly 
in Run BJ-16. The solubility of uranium at 525 C corresponds to a ura­
nium loss of only 0.55 g in the zinc supernatant solution as compared with 
measured losses of 9. 1 g sustained in Run BJ- 16 and of 2. 1 g in Run BJ-17. 
The difference is the result of precipitate entrainment. If necessary, this 
entrainment could be avoided by use of a filter in the transfer tube at the 
point of solution entry. Runs on a larger scale may result in a better 
evaluation of this problem. 

Zirconium Removal 

Zirconium is introduced into the skull reclamation 
process from two sources: (l) the fuel mater ia l itself, i.e., through the 
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fission process (which resul ts in the introduction of 0.25 w/o zirconium 
for a fuel burnup of 2 percent), and (2) fragments or part icles of the z i r ­
conia crucible which may slough off into the skull oxide. Since it is be­
lieved that the major mechanism for zirconium removal is its removal in 
the supernatant waste metal solution of the zinc-uranium intermetallic 
compound precipitation step, it is necessary to determine the maximum 
zi rconium-removal capability of the process . The concentrations of z i r ­
conium found in the zinc phase before and after intermetallic compound 
precipitation were: 

Concentrations (w/o) 

Run 

BJ-16 
BJ-17 

Initial 
Zirconium 

Concentration^ 
(w/o) 

0.31 
0.22 

Transfer 
Temp (C) 

521 
525 

in Trans 
Zinc 

Magnesium 

5.7 
5.4 

So 
jferred 
lution 

Zirconium 

0.19 
0.20 

Presen t in zinc solution of reduction step. 

Since zirconium does not coprecipitate with the uranium-zinc intermetallic 
compound (see Chemical Engineering Division Summary Report for July, 
August, September, 1958, ANL-5924, p. 136), the above values are probably 
values of the zirconium solubility in a zinc-5.5 w/o magnesium solution at 
525 C, Because zirconium was present in concentrations greater than its 
solubility value, the excess zirconium precipitated along with the uranium-
zinc intermetal l ic compounds in these runs. 

Because uranium loss (as a result of uranium solu­
bility in the supernatant solution) becomes excessive at temperatures much 
above 525 C, this latter tempera ture is the maximum practical tempera­
ture of operation. The zirconium solubility of 0.2 percent and the weight of 
supernatant solution are such that with the expected 85 percent removal of 
the supernatant solution satisfactory zirconium removal can be achieved 
with skull oxide containing up to about 2 percent zirconium. This is more 
than adequate for the removal of zirconium whose source is the fuel mate­
r ia l itself, which will contain well under 1 percent zirconium. Generally, 
the concentration of crucible fragments in skull oxides is about 1 percent, 
and resul ts in a total zirconium concentration that can be readily accom­
modated in the process . However, concentrations of crucible fragments of 
up to 3 percent may be occasionally encountered. This is not of rea l con­
cern because occasional high concentrations of zirconium in the fuel will 
not impair the performance of the fuel, and because the zirconium concen­
trat ion will be lowered in the course of future processing cycles. 

A process change is now being considered •whereby the 
skull ma te r i a l would be oxidized to an extent just sufficient to permit re lease 



of the skull from a melt refining crucible. This procedure may result in 
less introduction of crucible fragments than does complete oxidation of the 
skull mater ial . 

Two procedures for effecting additional zirconium r e ­
moval have been tried in succeeding demonstration runs. In one of these, 
iron was added in the oxide-reduction step in an effort to precipitate 
ZrFe2Znjj.; in the other, carbon was added in this same step in the hope of 
precipitating zirconium carbide and subsequently removing it in the waste-
flux phase. Although analyses of these experiments are not complete, it 
appears that neither procedure was successful in effecting removal of 
zirconium. 

(4) Decomposition of Uranium-Zinc Intermetallic 
Compound 

By the addition of sufficient magnesium to produce a 
50-50 zinc-to-magnesium weight ratio in the resulting supernatant solution, 
the uranium-zinc intermetallic compound is decomposed (see Step D of 
Figure I- l) , leaving a precipitate of uranium metal. The decomposition is 
performed at 800 C; then the solution is cooled to below 475 C to reduce the 
solubility of uranium in the supernatant solution before removal of this 
solution. Rare earths, which were represented in the demonstration runs 
by cerium and which coprecipitate with uranium in the intermetall ic com­
pound precipitation step, are released upon decomposition of the inter­
metallic compounds and dissolve in the supernatant solution. About 90 to 
95 percent of the supernatant solution was removed by pressure siphoning, 
leaving a uranium metal cake wetted with the residual solution. 

Uranium concentrations in the t ransferred supernatant 
solutions were the same as the solubility values at the transfer tempera­
ture of about 470 C (0.07 w/o uranium), indicating no entrainment of p re ­
cipitated uranium. 

(5) Retorting 

The uranium concentrates from the decomposition 
steps were retorted under vacuum (less than 0.05 mm Hg at 600 to 800 C) 
to vaporize the adhering zinc and magnesium. The product obtained was a 
uranium metal sponge. Normally, this mater ia l would be returned to the 
melt refining step of the main process line of the EBR-II fuel cycle. How­
ever, in order to facilitate sampling, the sponge products of the demonstra­
tion runs were weighed and then oxidized. The compositions of the products 
as metal are given in Table I- 1. 
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(6) Summary 

The two demonstration runs indicate the following: 

(i) The skull reclamation process is capable of pro­
viding adequate uranium recovery (at least 95 per ­
cent) as a process complementary to the melt 
refining process in the EBR-II fuel cycle. 

(ii) Adequate purification from fission products can 
be achieved from all fission product elements 
with the possible exception of zirconium. 

(iii) A capability for adequate zirconium removal exists 
if the concentration of zirconia crucible fragments 
in the skull oxide does not, for reasons given p re ­
viously, exceed about three percent. However, 
occasional batches containing more than three per­
cent zirconium would not be objectionable. 

(iv) Loss of uranium by entrainment of precipitated 
uranium in supernatant waste solutions may be a 
problem which bears watching and possibly fur­
ther study. 

b. Construction of Large-scale Integrated Equipment for the 
Skull Reclamation Process 
(l. O. Winsch, D. E. Grosvenor, G. L. Rogers) 

Construction of the integrated equipment for la rge-scale 
(2.5 kg of skull oxide) demonstrations of the skull reclamation process has 
been completed, and equipment shakedown testing has begun. The equip­
ment consists essentially of two large furnaces covered with bell j a r s and 
containing stat ionary processing crucibles. Figure 1-2 is a photograph of 
the glovebox, furnaces, and panelboard. Figure 1-3 shows the furnaces 
with bell jar covers in place. A transfer line is shown in position for the 
t ransfer of molten metal from one furnace to the other. Figure 1-4 shows 
one of the furnaces with the bell jar cover removed and the large tungsten 
crucible (of 12-in. OD by 20 in. high) in position within the induction heating 
coil. A somewhat s imilar large beryll ia crucible will be used in the other 
furnace but has not yet been received. 

Operation of these furnaces has been started by making 
t rans fe r s of flux and metal simulating the process flux and metal systems. 
Individual t ransfers were made of 15 kg cadmium (a stand-in for the actual 
magnesium-zinc process alloy) and 13 kg Dow-230 flux (a substitute for the 
actual process flux). Next, the automatic separation of Dow-230 flux from 
liquid cadmium was demonstrated. "Very good phase separations were 
achieved by controlling the transfer rate of metal at about 4 Ib/min. Metal 



t ransfer at the desired rate was achieved by use of an orifice in the metal 
transfer line and by employing a p ressure only slightly in excess of that 
required to transfer metal. Both of these measures are practical . At 
high rates of metal transfer effected by use of high p ressures , phase sepa­
rations were poor. 

Figure 1-2 

GLOVEBOX, FURNACES, AND PANELBOARD FOR LARGE-SCALE 
DEMONSTRATION OF SKULL RECLAMATION PROCESS 

108-5968 

The furnace containing the tungsten crucible is heated to 
400 C in about one hour. The beryllia crucible is heated to 400 C in 
one hour and 20 min. The gross power input required to maintain the melt 
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at a tempera ture of 600 C is 5.2 kw. The static cooling rate, which was 
about 100 C/hr between 600 and 500 C, dropped gradually to 40 C/hr at 
400 C. Between 200 C and 100 C, a cooling rate of 150 C/hr was obtained 
by circulating air initially at 40 C at a rate of about 26 cfm. Argon will be 
employed as the cooling gas when process operations begin. 

Figure 1-3 

LARGE-SCALE RECLAMATION FURNACES WITH 
BELL JARS IN PLACE 

Transfer line (with insulation partially removed) 
connects furnace for uranium precipitations (left) 
with furnace for noble metal extraction (right) 

108-5972 

Surface temperatures of the furnace bell jar and ring were 
maintained at satisfactory levels with water-cooled coils; temperatures of 
the rubber gaskets were near 40 C, which is well below the maximum 
allowed (150 C). 

The solid copper induction coil is cooled only by radiation 
and convection. The surface temperature of the coil reached 300 C while 
the flux-metal temperature was being increased from 20 to 600 C at a 



p o w e r input of 15 kw. The co i l t e m p e r a t u r e then d ropped to 175 C whi le a 
600 C m e l t t e m p e r a t u r e was m a i n t a i n e d a t a power input of 5.2 kw. T e m ­
p e r a t u r e s of the fu rnace c o m p o n e n t s a r e s a t i s f a c t o r i l y low. 

F i g u r e 1-4 

L A R G E - S C A L E SKULL R E C L A M A T I O N 
FURNACE WITH B E L L JAR R E M O V E D 

108-5965 

It is an t i c ipa ted that a n u m b e r of p r o c e s s r u n s with sku l l 
oxide wi l l be comple t ed in th i s equ ipment du r ing the next t h r e e m o n t h s . 

R e t o r t i n g of U r a n i u m C o n c e n t r a t e s 
( j . F . Lenc , M, A, Bowden, P . Mack, M. D e e r w e s t e r ) 

In one of the s t eps of the sku l l r e c l a m a t i o n p r o c e s s , u r a ­
n ium m e t a l is p r e c i p i t a t e d by d e c o m p o s i t i o n of the " e p s i l o n " u r a n i u m - z i n c 
i n t e r m e t a l l i c compound ( a p p r o x i m a t e compos i t i on : U2Zn23) by the addi t ion 
of sufficient m a g n e s i u m to r a i s e the m a g n e s i u m c o n c e n t r a t i o n to 50 w / o . 
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Following removal of the supernatant liquid metal, the uranium precipitate 
remains enveloped in residual zinc and magnesium. The aim of current ex­
per imental work is to achieve easy removal of the uranium, both prior to 
retort ing (to vaporize the residual zinc and magnesium) and after retorting. 
Removal of the uranium as a concentrate (i.e., enveloped in residual zinc 
and magnesium) prior to retorting is necessary (l) if retort ing is to be 
conducted in a crucible other than the decomposition crucible or (2) if the 
uranium concentrate is considered the end product of the skull rec lama­
tion process and is to be recycled directly to the melt-refining operation. 
Uranium isolated in the final retort ing step also must be easily removable 
in a form suitable for remote recycle to the melt-refining process . 

Previous experiments have shown that only ceramic cru­
cibles permit easy removal of the uranium in the crucible either as a 
concentrate after decomposition of the intermetall ic compound or as an 
isolated product after retort ing. Because beryll ia has a high thermal con­
ductivity (and, consequently, a low susceptibility to thermal shock) and a 
high chemical stability, beryllia has been investigated more extensively 
than other ce ramics for use as a crucible mater ia l in the precipitation and 
final retort ing steps of the process . However, other less-expensive 
ce ramics (such as alumina and magnesia) may prove to be equally suitable. 

Performance of an Unjacketed, Thixotropically Cast 
Beryll ia Crucible 

Beryllia crucibles are being subjected to repetitive proc­
ess operations in order to determine their probable lifetime in plant use. 
During the last quar ter , five additional 150-g uranium-scale runs (Runs 8 
through 12) were conducted in an unjacketed, thixotropically cast beryllia 
crucible (4 in. in OD by 9 in. high with a "I - in.- thick wall). The previous 
runs, reported in ANL-6596, p. 54, and ANL-6648, p. 44, were conducted 
in general accord with the " three-s tep" procedure .* Two of the runs were 
long-term tes ts (similar to the run shown schematically in ANL-6596, 
p. 53) in which the mel ts in the first two steps were subjected repeatedly 
to thermal cycling between approximately 450 and 800 C. 

In the eighth and ninth runs, the precipitated uranium con­
centrate (enveloped in residual zinc and magnesium) was readily removed 
from the beryll ia crucible after the intermetall ic-decomposit ion step. How­
ever, in the tenth and eleventh runs, the uranium concentrate adhered to 

*The three steps, all of which are conducted in the same crucible, simu­
late the last three steps of the skull reclamation process , namely, 
(l) precipitation of the uranium-zinc intermetall ic compound and r e ­
moval of supernatant liquid metal, (2) decomposition of this compound 
with magnesium to precipitate the uranium, and, following removal of 
the supernatant liquid metal, (3) retorting to drive off the residual 
zinc and magnesium. 



the bottom of the crucible after the decomposition step. In addition, some 
erosion of the bottom of the crucible was detected after the latter two ex­
per iments . To determine whether the useful life of the thixotropically cast 
beryllia crucible had been expended, a twelfth run was performed in the 
same crucible. The uranium concentrate from the decomposition step did 
not adhere to the crucible in this last run, but circumferential cracks were 
clearly visible in the bottom 2 in. of the crucible. The crucible was there­
fore judged to be too unsound for further service. 

In ten of the twelve runs, a final retorting step was con­
ducted in which isolation of the uranium metal was accomplished by vacuum 
evaporation of the residual zinc and magnesium. Essentially 100 percent 
of the isolated uranium product was easily recovered from the crucible in 
each of these runs. 

In the course of the twelve runs, the thixotropically cast 
beryllia crucible was subjected to process conditions simulating 24 inter­
metallic precipitation steps, 25 intermetall ic-decomposition steps, and 
10 final retorting steps. During the precipitation steps in these runs, the 
crucible successfully contained zinc-magnesium solutions at temperatures 
above 450 C for about 465 hr. For comparison, it is estimated that a cru­
cible will be exposed to similar conditions for approximately 20 hr in 
processing a single batch of mater ia l on a plant scale. 

Two additional thixotropically cast beryllia crucibles are 
being purchased for further evaluation of the performance of this type of 
crucible. Large-size (12-in. OD by 20 in. high), thixotropically cast 
beryllia crucibles are also being obtained for use and evaluation in a pilot 
plant for the skull reclamation process . Evaluation of other less-expensive 
ceramic crucibles (such as alumina and magnesia) is also planned. 

d. Processes for Plutonium Reactor Fuels 
(R, K, Steunenberg) 

Plutonium-uranium alloys containing fissium elements or 
other metals are receiving consideration as fuels for fast power breeder 
reactors . A cri t ical separation in processing irradiated fuels of this type 
by pyrometallurgical methods is the removal of r a r e earth fission products 
from the plutonium. Two promising methods for effecting this, as well as 
other separations, are under study. One utilizes a selective extraction of 
the ra re earths from a zinc-magnesium solution of uranium and plutonium 
by means of a molten halide flux. The other method involves coprecipita-
tion of the uranium and plutonium from a zinc-calcium solution in which 
the ra re earths are soluble. 
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(l) Extraction Studies with Molten Salts 
( j , B. Knighton, J. D. Schilb, J. W. Walsh) 

The purpose of this program is to investigate the 
separation of constituents in irradiated reactor fuels by equilibration be­
tween liquid magnesium-zinc alloys and molten halide fluxes. Distribution 
coefficients, Kj = (w/o in flux)/(w/o in metal), for a magnesium chloride 
flux and a magnesium-zinc phase of varying composition have been r e ­
ported previously for thorium, uranium, plutonium, americium, barium, 
yttrium, cerium, praseodymium, neodymium, zirconium, vanadium, and 
iron (see ANL-6569, p. 39; ANL-6596, p. 59; and ANL-6648, pp. 50-53). 
The effects of other variables , such as temperature , concentration, and 
composition of the flux and metal phases, have also been described 
(ANL-6596, p. 59, and ANL-6648, p. 46). Work during the past quarter 
has been concerned with the distribution behavior of curium and neptunium, 
and the possible separation of curium from americium by this method. 

Distribution of Curium between Zinc-Magnesium 
Alloy and Magnesium Chloride 

The distribution of curium between zinc-magnesium 
alloy and magnesium chloride at 800 C has been investigated with a mag­
nesium chloride flux and a zinc-magnesium metal phase of varying com­
position. The separation of curium from other t ransuranium elements, and 
from amer ic ium in part icular , is of importance in the preparation of curium 
and the heavier actinide elements. 

Approximately 0.1 mg of curium-244 coprecipitated 
with 100 mg of lanthanum fluoride was used in each experiment. All of the 
metal samples were filtered through porous tantalum frits into tantalum 
tubes. Flux samples were withdrawn into open-end tantalum tubes. The 
relat ive amounts of curium in the flux and metal samples were determined 
by alpha counting. The equilibrium points were approached from both the 
z inc-r ich side and the magnesium-r ich side of the zinc-magnesium metal 
phase. 

The resul ts a re presented in Figure 1-5. The data 
show the same general type of dependence on magnesium concentration in 
the metal phase that has been observed with other elements. The curium 
distribution curve falls very close to that for plutonium (see Figure 1-6). 

Possible Separation of Americium from Curium and 
the Other Actinide Elements 

Distribution coefficients at 800 C for thorium, ura­
nium, plutonium, americium, and curium are shown as a function of mag­
nesium concentration in the metal phase in Figure 1-6. In all cases , the 



Figure 1-5 

DISTRIBUTION OF CURIUM BETWEEN 
ZINC-MAGNESIUM ALLOY AND 

MAGNESIUM CHLORIDE 

Conditions 

Temp: 800 C 
Mixing Rate: 300 tpm 
Crucible; Tantalum 
Atmosphere: Argon 

MAGNESlUr,! COWCENTHATION IN ZINC w/o 

108-6505 

Figure 1-6 

DISTRIBUTION OF THE ACTINIDE ELEMENTS 
BETWEEN ZINC-MAGNESIUM ALLOY 

AND MAGNESIUM CHLORIDE 

Condit 

Temp: 
Mixing Rate: 
Crucible: 
Atmosphere: 

ons 

800 C 
300 rpm 
Tantalum 
Argon 

MAGNESIUM CONCENTRATION IN ZINC w/o 

flux phase was m a g n e s i u m c h l o r i d e . A m e r i c i u m is the only ac t in ide e l e ­
m e n t inves t iga ted thus far which h a s the r e l a t i v e l y l a r g e d i s t r i b u t i o n c o ­
eff icients c h a r a c t e r i s t i c of the r a r e e a r t h e l e m e n t s . It i s a p p a r e n t f r o m 
t h e s e da ta that a s e p a r a t i o n of a m e r i c i u m f rom the o the r a c t i n i d e e l e m e n t s 
can be effected by equ i l i b r a t i on be tween m o l t e n s a l t and l iquid m e t a l p h a s e s . 
F o r e x a m p l e , a c u r i u m - a m e r i c i u m s e p a r a t i o n could be b a s e d on the 
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t e n d e n c y of a m e r i c i u m to a p p e a r in the flux and c u r i u m in the m e t a l . Some 
s e p a r a t i o n f a c t o r s for c u r i u m and a m e r i c i u m a r e g iven in Tab le 1-2 for 
a m a g n e s i u m c h l o r i d e flux and a z i n c - m a g n e s i u m a l loy of v a r y i n g m a g ­
n e s i u m con ten t . 

Table 1-2 

AMERICIUM-CURIUM SEPARATION FACTORS FOR A 
MAGNESIUM CHLORIDE FLUX AND A 

ZINC-MAGNESIUM METAL PHASE 

Conditions 

M a g n e s i u m 
Concen t r a t i on in 
Z i n c - M a g n e s i u m 

P h a s e (w/o) 

5 

10 

20 

30 

4 0 

50 

Dis t r i bu t i on 

T e m p e r a t u r e : 
Mixing Ra te : 
A p p a r a t u s : 
A t m o s p h e r e : 
F l u x / m e t a l Weight Ra t io ; 
M i n i m u m Equ i l ib ra t ion T 

Sepa ra t ion 
F a c t o r 

[ K d ( A m ) / K d ( C m ) f 

15 
19 
27 

29 
2 8 

29 

w / o ir 
coefficient , K^ = —-. 

w / o in 

C 

Z 

I flux 

m e t a l 

i m e 

M a 

o n e 

inc-

800 C 
300 r p m 
T a n t a l u m 
Argon 
0 .5-1 .5 

; ~1 hr 

Lgnesium 
en t r a t ion in 
M a g n e s i u m 

P h a s e (w/o) 

60 
70 

80 

9 0 

100 

Separa t ion 
F a c t o r 

[Kd(Am) /Kd(Cm)P 

30 

3 1 

3 4 

37 

4 0 

On the b a s i s of the t e m p e r a t u r e effect on the 
p r a s e o d y m i u m - p l u t o n i u m s e p a r a t i o n f a c t o r s ( see A N L - 6 5 9 6 , p. 63), it i s 
e x p e c t e d tha t a c o n s i d e r a b l e i n c r e a s e in the a m e r i c i u m - c u r i u m s e p a r a t i o n 
f ac to r could be a c h i e v e d by r e d u c i n g the t e m p e r a t u r e . 

D i s t r i b u t i o n of Nep tun ium b e t w e e n Z i n c - M a g n e s i u m 
Al loy and M a g n e s i u m C h l o r i d e 

A p r e l i m i n a r y e x p e r i m e n t has been c o m p l e t e d in 
which the d i s t r i b u t i o n b e h a v i o r of n e p t u n i u m b e t w e e n z i n c - m a g n e s i u m a l loy 
and m a g n e s i u m c h l o r i d e w a s i n v e s t i g a t e d . T r a c e r - l e v e l n e p t u n i u m - 2 3 9 
u s e d in the e x p e r i m e n t w a s p r e p a r e d by n e u t r o n i r r a d i a t i o n of highly d e ­
p l e t ed u r a n i u m - 2 3 8 . The u r a n i u m was not r e m o v e d p r i o r to the e x p e r i ­
m e n t . S a m p l e s of the m e t a l p h a s e w e r e f i l t e r ed t h r o u g h p o r o u s t a n t a l u m 
f r i t s into t a n t a l u m t u b e s , and flux s a m p l e s w e r e w i t h d r a w n into o p e n - e n d 
t a n t a l u m t u b e s . The n e p t u n i u m in the flux and m e t a l s a m p l e s was d e t e r ­
m i n e d by us ing a g a m m a - r a y s p e c t r o m e t e r . 



The resul ts of the prel iminary experiment indicate 
that neptunium exhibits the same distribution behavior as plutonium and 
curium. Additional experiments a re in progress to complete the study of 
neptunium. 

(2) Extraction Studies with Calcium: Solubility of 
Uranium in Zinc-Calcium Solutions 
(M. Ader, J. T. Feeney) 

The solubilities and cosolubilities of uranium and plu­
tonium in zinc-calcium solutions a re being determined in connection with 
processes for fast reactor fuels. The solubility of uranium in zinc-calcium 
solutions containing 0 to about 25 w/o calcium has been redetermined at 
800 C and 750 C, with a few additional data at 700 C. Previous measure ­
ments, reported in Chemical Engineering Division Summary Report for 
April, May, June 1961, ANL,-6379, p. 66, were suspect because of the use 
of porous graphite filters in obtaining samples of the saturated melt. Tan­
talum filter frits were used in the present experiment (MA-Ca-14), and 
appreciably different resul ts were obtained. 

A charge consisting of 50 g of uranium and 1000 g of 
zinc was placed in a tantalum crucible, heated, and s t i r red with a tantalum 
paddle at about 460 C for about 7-^ hr in an argon atmosphere. The charge 
was cooled overnight to room temperature and was then reheated with s t i r ­
ring to 750 C. The melt was s t i r red at this temperature for 3 hr, allowed 
to settle, and then sampled. Calcium was added next and the procedure of 
equilibration at temperature, settling, and sampling was repeated. Con­
tinued stepwise additions of calcium were made, and samples were taken at 
800 and 750 C, and in a few cases at 700 C. The order of equilibrations, 
i.e., with rising or falling temperature , was varied and equilibrations of at 
least 1 — hr at temperature were employed. An additional 7.8 g of uranium 
was added to the melt during the solubility determination at 13 w/o calcium 
to ensure uranium saturation. Samples were taken by pressurizing the melt 
through tantalum frits press-fi t ted into- |-- in.-diameter tantalum tubes. The 
samples were subsequently dissolved in a nitric acid-hydrochloric acid 
solution and analyzed for (a) calcium, by an EDTA procedure, and (b) ura­
nium, either colorimetrically (>0.2w/o) or fluorophotometrically (<0.2 w/o). 

The analytical data from Experiment MA-Ca-14 are 
arranged in Table 1-3 so that each horizontal line represents the resul ts 
after a particular calcium addition. These data a re plotted in Figure 1-7 
as weight percent uranium solubility versus weight percent calcium 
concentration. 

The general shape of the uranium solubility curves is 
similar to that found previously (see ANL-6379, p. 68). However, the ura­
nium solubilities in the present experiment a re appreciably higher than in 
the ear l ier experiments over the entire range of calcium concentration. 
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The solubility values differ by about 10 to 40 percent between 0 and 16 w/o 
calcium and by factors of 15 to 50 beyond 20 w/o calcium. The low resul ts 
obtained in the ear l ie r experiments a re attributed to the use of graphite 
filter frits which reacted with and removed dissolved uranium during 
sampling. The effect was more pronounced at the higher calcium concen­
trat ions because of the much smaller uranium content of the samples and 
increased uranium activity coefficients. 

SOLUBILITY OF 

800 

Calcium 
(w/o) 

(0) 

3.42 
4.95 
6.10 
7.27 
8.43 
9.73 

10.6 
11.7 
12.9b 
14.8 
16.3 
20.6 
23.1 
28.5 

Experiment: 
Charge: 

Equipment: 

Atmosphere 
Equilibratioi 

Sampling: 

± 2 C 

Uranium 
(w/o) 

(5.36)^ 

2.51 
1.95 
1.93 
2.09 
2.38 
3.33 
4.29 
4.24 
2.67 
1.28 
0.75 
0.17 
0.091 
0.021 

Table 

URANIUM 

1-3 

IN ZINC-CALCIUM SOLUTIONS 

MA-Ca-14 
50 g uranium, 1000 g 
added : 
Tantali 

: Argon 
n: 1.5 hr 

Melt p: 
filters 

incrementally 
mm 

minimum 

zinc; calcium 

ressur ized through tantalum 
into 

750 ± ; 

Calcium 
(w/o) 

0 
2.04 
3.61 
5.26 
6.31 
7.64 
9.03 

10.7 
11.6 
12.3 
12.7 
14.9 
16.4 
20.3 
23.7 

tantalum tubes 

i C 

Uranium 
(w/o) 

2.89 
1.63 
1.03 
0.79 
0.67 
0.71 
0.97 
1.45 
2.03 
3.04 
2.50 
1.12 
0.55 
0.14 
0.046 

700 ± 

Calcium 
(w/o) 

-
-
-
-
-
-
-
-
-
-
-
-

16.5 
20.4 
23.2 

1 C 

Uranium 
(w/o) 

-
-
-
-
-
-
-
-
-
-
-
-

0.45 
0.094 
0.040 

^Solubility calculated from the equation: log (w/o U) = 7.101 - ( 6 8 3 7 / T ) 
(from A. E. Martin, private communication). 

'-'7.8 g uranium added before equilibration to ensure saturation. 



Figure 1-7 
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Similarities between the solubility curves of uranium 
in zinc-calcium and zinc-magnesium alloys (see Chemical Engineering 
Division Summary Reports ANL-6477, p. 93; ANL-6101, p. 67; ANL-6569, 
p. 83) have been noted previously, namely: the solubility curves exhibit 
minima followed by cusped maxima, followed by a sharp drop. However, 
both on a weight percent basis and on an atom percent basis, calcium is 
more effective than magnesium in depressing the solubility of uranium in 
zinc. At calcium concentrations above about 30 w/o, the uranium solu­
bility becomes sufficiently low that the amount in solution is negligible for 
process purposes. 

Further experiments at higher calcium concentrations 
and over a wider temperature range are in progress . 

e. Recovery of Plutonium from EBR-II Blanket Material 
(I. O. Winsch, T. F. Cannon, P. J. Mack) 

Plutonium will be generated in the depleted uranium blan­
ket mater ia l of the EBR-II reactor to a concentration of about one percent 
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before the blanket mater ia l is discharged for the separation of plutonium 
from uranium by a pyrometallurgical method. The blanket processes under 
investigation are based on the high solubility of plutonium in magnesium-
rich zinc alloys and the contrasting low solubility of uranium in these alloys. 

(1) Processing of Irradiated Uranium Blanket Material 

A blanket process demonstration run has been com­
pleted with i rradiated blanket uranium rods. The purpose of this run was 
to determine the behavior of iodine and fission products* in the blanket 
process presently being developed (see flowsheet in Chemical Engineering 
Division Summary Report for October, November, December 1961, 
ANL-6477, p. 47). Analytical resul ts for this run are not available at the 
present t ime. 

(2) Investigation of an Alternative Blanket Process 

A possible alternative or flux blanket process has 
been studied. Both this process and the one that is under development a re 
based on the preferential solubility of plutonium in magnesium for the sepa­
ration of plutonium from uranium, but the alternative process utilizes a 
sequence of oxidation-reduction reactions in metal and molten flux phases. 
A schematic flowsheet of the process is shown in Figure 1-8. 

In the first or oxidation step, uranium- 1 w/o pluto­
nium alloy is dissolved with agitation in a zinc chloride-containing flux at 
800 C to produce a flux solution of plutonium and uranium chlorides. The 
resulting zinc phase collects below the flux phase, and separation of the 
metal phase from the flux is required after this step. Reduction of the ura­
nium and plutonium chlorides is accomplished in the second step by the 
addition of magnesium metal at 800 C with suitable agitation. The uranium, 
although wetted by magnesium, precipitates from both the metal and the 
flux phases while the plutonium dissolves in the magnesium phase. A 
fairly high-density flux would be required to cause the plutonium-bearing 
magnesium phase to float and thereby effect a separation from the pre ­
cipitated uranium. If, as an alternative, the zinc phase were not removed 
after the first step in the process , a magnesium-zinc alloy having a density 
of about 5 g/cc would resul t from reduction of the uranium and plutonium 
chlorides. This alloy would settle, together with the precipitated uranium, 
to the bottom of the vessel . Subsequent separation of the plutonium-bearing 
magnesium phase from the magnesium-zinc-uranium mixture would be 
difficult. If such a separation could be performed, the final step in the 
process would be the distillation of magnesium from the magnesium-
plutonium phase to recover the plutonium product. Such a distillation step 

•Inactive fission product elements were also added to bring the concen­
trations of fission product elements up to expected process levels. 
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would be unnecessary if the amount of magnesium added in the reduction 
step provided a concentrated plutonium product solution. This concentrated 
plutonium solution could be fed directly into the process used for core 
mater ia l . 

Figure 1-8 

ALTERNATIVE BLANKET PROCESS BASED ON 
OXIDATION-REDUCTION REACTIONS IN 

METAL AND FLUX PHASES 
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The p r i n c i p a l a d v a n t a g e of t h i s s c h e m e ove r the p r e s ­
ent b l a n k e t p r o c e s s ( see A N L - 6 4 7 7 , p . 47) would be the s m a l l e r v o l u m e s of 
r e a c t a n t m a t e r i a l s r e q u i r e d . In p r o c e s s i n g 10 kg of b l anke t m a t e r i a l , it is 
e s t i m a t e d tha t the v o l u m e of the m a g n e s i u m - p l u t o n i u m so lu t ion would be 
abou t 2.5 l i t e r s , which is about o n e - t e n t h the v o l u m e of the p lu ton ium p r o d ­
uct so lu t ion tha t would be ob ta ined in the p r e s e n t b l a n k e t p r o c e s s . 

T h r e e scou t ing r u n s w e r e m a d e to i n v e s t i g a t e the a l ­
t e r n a t i v e f l owshee t . U r a n i u m - 1 w / o p lu ton ium a l loy w a s d i s s o l v e d in a flux 
w h o s e i n i t i a l c o m p o s i t i o n (in weight p e r c e n t ) w a s : 67.5 b a r i u m c h l o r i d e , 
20.6 p o t a s s i u m c h l o r i d e , 2.0 l i t h i u m f luo r ide , and 9.9 z inc c h l o r i d e . This 
flux w a s c h o s e n b e c a u s e i t s r e l a t i v e l y high d e n s i t y (about 2.9 g / c c ) would 
p r o m o t e s e p a r a t i o n of the m a g n e s i u m and u r a n i u m p h a s e s a f t e r the r e d u c ­
t ion s t e p . In the ox ida t ion s t e p of two of the r u n s , the u r a n i u m and p lu to ­
n i u m w e r e c o m p l e t e l y d i s s o l v e d in the flux wi th only t r a c e a m o u n t s 
(~0 .01 p e r c e n t ) of u r a n i u m and p l u t o n i u m found in the z inc p h a s e . In the 
t h i r d r u n , m a g n e s i u m oxide (to the ex ten t of 5 w / o ) was added to the flux 
to i n c r e a s e the d e n s i t y of the flux and to i m p r o v e t h e r e b y the s e p a r a t i o n of 
the p l u t o n i u m - b e a r i n g m a g n e s i u m p h a s e . H o w e v e r , the p r e s e n c e of the 
m a g n e s i u m oxide a p p a r e n t l y h i n d e r e d the ox ida t ion of the u r a n i u m and p lu ­
t o n i u m , for a n a l y s e s showed tha t the flux p h a s e con ta ined only 75 p e r c e n t 
of the u r a n i u m and p l u t o n i u m c h a r g e d . 

The r e d u c t i o n s t e p s in a l l t h r e e r u n s w e r e s u c c e s s f u l 
in tha t the u r a n i u m c h l o r i d e and p l u t o n i u m c h l o r i d e w e r e r e d u c e d e s s e n ­
t i a l l y c o m p l e t e l y by the m a g n e s i u m and w e r e r e m o v e d f r o m the flux p h a s e . 
U r a n i u m in a f ine ly d iv ided s t a t e p r e c i p i t a t e d f r o m the m a g n e s i u m upon the 
r e d u c t i o n of u r a n i u m t r i c h l o r i d e . In none of the t h r e e r u n s was good s e p a ­
r a t i o n of the m a g n e s i u m p h a s e f r o m the p r e c i p i t a t e d u r a n i u m obta ined . 
The r e a s o n for t h i s poor s e p a r a t i o n is b e l i e v e d to be poor c o a l e s c e n c e of 
f inely d iv ided u r a n i u m in the m a g n e s i u m p h a s e . Th i s u r a n i u m was we l l 
w e t t e d by the m a g n e s i u m , but i t s v e r y low so lub i l i t y in the m a g n e s i u m 
p h a s e h i n d e r e d i t s c o a l e s c e n c e . B e c a u s e of the s u s p e n d e d u r a n i u m , the 
m a g n e s i u m p h a s e had an a v e r a g e d e n s i t y suf f ic ien t ly high to c a u s e it to 
s e t t l e in the flux r a t h e r than f loat . 

T h i s a l t e r n a t i v e or flux b l a n k e t p r o c e s s would be v e r y 
a t t r a c t i v e if the d i f f i cu l t i e s e n c o u n t e r e d in the v a r i o u s p h a s e s e p a r a t i o n s 
could be o v e r c o m e . Since the so lu t ion of the p r o b l e m m a y be diff icult , the 
m a i n e m p h a s i s wi l l be p l aced on the d e v e l o p m e n t of the o r i g i n a l b l anke t 
p r o c e s s . 

f. M a t e r i a l s and E q u i p m e n t E v a l u a t i o n 
(P . A. Ne l son) 

S tud ies a r e in p r o g r e s s to e v a l u a t e the c o m p a t i b i l i t y of 
v a r i o u s m a t e r i a l s of c o n s t r u c t i o n wi th l iquid m e t a l and s a l t s y s t e m s of the 
t y p e s which m a y be e m p l o y e d in p r o c e s s e s of fuel r e c o v e r y . The s e l e c t i o n 



of mater ia l s for EBR-II processing equipment is the major objective, but 
data of more general interest a re also being accumulated. Corrosion tests 
and performance tests under processing conditions are being used to eval­
uate mate r ia l s . Methods of fabricating mater ia ls into items of process 
equipment a re also being evaluated. Considerable attention was given during 
the past quarter to the fabrication of vesse ls from ceramic mater ia l s . 

Fabrication of Ceramic Containers 
(p. A. Nelson, Z. D. Jas t rzebski , * W. Pehl, and 
M. Deerwester) 

A need for large ceramic vesse ls is envisioned for future 
la rge-sca le liquid metal p rocesses . Beryllia, alumina, and magnesia are 
among the ceramic mater ia ls which are sufficiently inert to process sys­
tems (magnesium-zinc and halide salt systems) to be considered as con­
tainer mate r ia l s . A commercia l source of large crucibles of these materials 
having good resis tance to thermal and mechanical shock and having low 
permeability to halide salts has not been found. Crucibles formed by ram­
ming or casting and containing large prefired aggregate have good mechan­
ical propert ies , but, unfortunately, also have high porosity. On the other 
hand, low-porosity crucibles formed by slip casting or isostatic pressing 
from very fine, highly reactive powders have low thermal and mechanical 
shock res is tances . 

In order to take advantage of the good mechanical proper­
ties of porous, coarse-grained crucibles, an attempt is being made to seal 
the pores of these crucibles by coating or impregnating the inner surfaces 
with a s lurry or thin paste containing a finely divided solid solution of low-
melting oxides. Subsequent firing of the crucible fuses the coating or im­
pregnating material , thereby sealing the pores. 

Screening Tests of Coating Materials 

In preliminary studies (see ANL-6596, p. 76) various 
coating mater ia ls were applied to fragments of alumina crucibles (Norton 
Alundum-213, 99 percent aluminum oxide) and fragments of magnesia 
crucibles (Norton Magnesite-473, 97 percent magnesium oxide). Each 
fragment, about 4sq in. in area , was coated on its concave surface with a thin 
paste containing a low-melting mixture of oxides. The coated fragments 
were fired at 1400 to 1500 C in air . The thicknesses of the as-f ired coat­
ings were usually between 5 and 10 mils . 

The resul ts of the prel iminary studies a re given in Table 1-4. 
Coatings 1 through 5 were each composed of a mixture of oxides which on 
melting (at 1345 C) and refreezing forms a eutectic containing equimolar 

•Consultant from Lafayette College, Pennsylvania. 



q u a n t i t i e s of m a g n e s i a , p e n t a c a l c i u m t r i a l u m i n a t e , and m o n o c a l c i u m 
a lumina t e . ' ^ Coa t ings 7 and 8 con ta ined a l u m i n a in e x c e s s of the e u t e c t i c 
c o m p o s i t i o n ; Coa t ings 9, 10, and 11 con ta ined m a g n e s i a in e x c e s s of the 
e u t e c t i c c o m p o s i t i o n . The c o m p o s i t i o n of Coat ing 6 was 52 w / o c a l c i a -
48 w / o a l u m i n a . 

51 

14 

COMPOSITION AND PERFORMANCE OF LOW-MELTING OXIDE COATINGS FOR SEALIWC POROUS CERAMIC BODIES 

Coatings were applied in tne form of a t f i in paste wit l i a brush to crucible fragments 
about 4 sq in . in area. Two tests were run witn each coating material. 

Coating 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

A l j O j 

52 

52 

52 

52 
52d 

48 

60 

67 

43 

43^ 

36 

Coating Composition Iw/o)^ 

CaO 

41 

41": 

41 

41i: 

nc.i 

52= 

34 

28' 

34 

34̂  

28 

MgO BaO 

Part 1 - Application o 

7 

7C 

7 

7' 
7C,d 

0 

6 

St 

23 

23" 

36 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Melting Point 
or Melting Point 

Range IC) 

if Coalings on Norton Alt 

1345 

1345 

1345 

1345 

1345 

1400 

11345-15751 

(1345-15751 

11345-20001 

11345-20001 

ll345-> 20001 

Suspending Firing 
Mediumti TempIC) 

jndum-213 Crucible Fragments 

Ethyt alcohol 

Ethyl alcohol 

Water 

Water 

Ethyl alcohol 

Ethyl alcohol 

Ethyl alcohol 

Ethyl alcohol 

Ethyl alcohol 

Ethyl alcohol 

Ethyl alcohol 

1500 

1400 

1400 

1500 

1500 

1400 

1400 

1400 

1400 

Not fired 

1400 

Remarks 

Shiny, impervious coating formed 
from a low-viscosity liquid. 

Similar in appearance to Coating 1. 

Similar to Coating 1 except coating 
was rough and did not cover 
substrate. 

Similar in appearance to Coating 1. 

Dull, impervious coating formed 
by reaction and partial liquefaction. 

Similar in appearance to Coating 1, 

Similar in appearance to Coating 1, 

Coating was porous and crumbly. 

Rough, impervious coating formed 
by partial liquefaction. 

Coating flaked off when the alcohol 
evaporated. 

Coating did not appear to wet the 

Calcium Aluminate Cement 

52= 

28C 

No data Water 1400 

Part 2 - Application of Coatings on Norton Magnesite-473 Crucible Fragments 

0 0 

5 ' 0 

surface; drooiets formed, leaving 
large uncovered areas. 

Cracked, porous surface. 

8<: 

23 

l inate Cement 

15 

1 2 ' 80' 

1400 

(1345-1575) 

(1345-20001 

No data 

1500 

Ethyl alcotiol 

Ettiyl alcotiol 

Ettiyl alcotiol 

Water 

Ettiyl alcotiol 

Ettiyl alcotiol 

1400 

1400 

1400 

1400 

1400 

1400 

Coating melted and soaked In ; ttie 
surface remained porous. 

Coating partially liquefied; liquid 
soaked in. £>!Cess AI2O3 produced 
a crumbly surface. 

Most o( the coating was absorbed; 
ttie surface remained porous. 

Cracked, porous surface. 

Green coloration to a depth 1/8 in.; 
surface was checked and porous. 

Same as Coating 13. 

,, whicti was 240 mesh Norton-38 alumina grain. aAll materials were finely ground, chemically pure materials except the AI2O3, 

^^\)e ethyl alcohol was denatured ettiyl alcohol; the water was distilled water. 

•^Added in the torm of the corresponding carbonates. 

dCoating materials were melted together at 1500 C in an alumina crucible and then ground in denatured alcohol in a porcelain ball mill 

wi th alumina balls (or 48 hr. 

^Ground in a ball mi l l in denatured ethyl alcohol for 24 hr. 

Coa t ings 1 t h r o u g h 4 fo rmed a l o w - v i s c o s i t y l iquid on 
m e l t i n g , which in the announts e m p l o y e d (10- to 1 5 - m i l - t h i c k coa t ing) did 
not r e a c t e x t e n s i v e l y wi th the a l u m i n a s u b s t r a t e but flowed to the bo t t om 
of the c o n c a v e s a m p l e s . Al though of the s a m e connposi t ion, Coat ing 5 

Itevin. E. M., McMurdie, H. F. and Hall, F. P., 
Society, Inc., Columbus, Ohio (1956) p. 114. 
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reacted differently and fused into a smooth adherent coating even though 
fired at 1500 C, 155 C above its melting point. Presumably, Coating 5 be­
haved differently as a result of the premelting and grinding procedure used 
in its preparation (see Table 1-4, footnote d). It is believed that Coating 5 
reacted with the alumina substrate of the sample before melting. Figure 1-9 
is a macrograph of Coating 5 on the alumina substrate and shows the high-
density, glass-l ike structure of the coating. 

Figure 1-9 

REFRACTORY OXIDE COATING NO. 5 ON 
ALUMINA CRUCIBLE FRAGMENT 

The surface in the plane of the picture is 
broken and unpolished. 

Coating Composition: 52% AI2O3, 41% CaO, 
and 7% MgO 

Fragment Thickness; j - in. 

Coating Thickness: 10 to 15 mils 

COATING 

ALUMINA 
SUBSTRATE 

108-6509 

The use of alumina in excess of the eutectic amount 
(Coatings 7 and 8) was not beneficial. However, the addition of excess 
magnesia (as compared with the eutectic) in Coating 9 prevented the coating 
mater ia l from running off the alumina substrate on melting. At the melt­
ing point of the eutectic mixture, sufficient excess magnesia was present 
to form a s lurry containing 17 percent solids (MgO). This apparently pre ­
vented the coating mater ia l from slumping and produced an adherent 
coating similar to that obtained with the Coating 5 mater ial . When the 
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c o m b i n e d c o n s t i t u e n t s of Coat ing 9 w e r e b a l l m i l l e d in e thy l a l c o h o l for 24 h r 
and th i s c o a t i n g (No. lO) w a s app l i ed to the a l u m i n a s u b s t r a t e , the coa t ing 
m a t e r i a l f laked off when the a l c o h o l e v a p o r a t e d . A l a r g e e x c e s s of m a g ­
n e s i a (Coat ing l l ) r e s u l t e d in the f o r m a t i o n of b e a d s r a t h e r than a con t in ­
uous c o a t i n g . 

Coa t ing 6, which h a s the lowes t m e l t i n g (about 1400 C) e u t e c ­
tic c o m p o s i t i o n in the c a l c i a - a l u m i n a sys t em, ' ^ was s i m i l a r in a p p e a r a n c e 
to C o a t i n g s 1 t h r o u g h 4. C a l c i u m a l u m i n a t e c e m e n t (Coat ing 12) c r a c k e d 
and did not m e l t and fi l l the p o r e s . 

Al l of the coa t ed a l u m i n a s p e c i m e n s w e r e t e s t e d for p o r o s i t y 
wi th a p e n e t r a n t dye . Th i s t e s t showed that Coa t ings 1, 2, 4, 5, 6, 7, and 9 
w e r e i m p e r v i o u s to the dye . 

When app l i ed to a m a g n e s i a s u b s t r a t e , a l l of the coa t i ngs 
which w e r e t e s t e d fa i led ( s ee Tab le 1-4). In a l l c a s e s , the l iquid p h a s e tha t 
w a s f o r m e d d u r i n g f i r ing was a b s o r b e d into the s u b s t r a t e l eav ing a p o r o u s 
s u r f a c e . 

P e r f o r m a n c e of Coat ing M a t e r i a l s on C r u c i b l e s 

Some of the coa t ing m a t e r i a l s w e r e app l ied to Nor ton 
A l u n d u m - 2 1 3 c r u c i b l e s , wh ich have a f a i r l y c o a r s e , p o r o u s s t r u c t u r e wi th 
good t h e r m a l s h o c k r e s i s t a n c e . A l u n d u m - 2 1 3 (99 p e r c e n t a l u m i n a ) was 
u s e d in the s c r e e n i n g t e s t s . Two m e t h o d s of a p p l i c a t i o n w e r e t e s t e d . In 
the f i r s t , the c o a t i n g w a s app l i ed to the i n s ide s u r f a c e of the c r u c i b l e by 
p o u r i n g an e thy l a l c o h o l s l u r r y con ta in ing the coa t ing m a t e r i a l into the 
c r u c i b l e and d r a w i n g a v a c u u m on the ou t s ide of the c r u c i b l e by m e a n s of 
an a p p a r a t u s bu i l t for t h i s p u r p o s e . It w a s hoped tha t th i s t e chn ique would 
c a u s e the f inely g round m a t e r i a l in the s l u r r y to i m p r e g n a t e the c r u c i b l e 
to a dep th of 1-2 m m . H o w e v e r , e x a m i n a t i o n of c r u c i b l e s a f te r f i r ing in­
d i c a t e d tha t l i t t l e , if any , p e n e t r a t i o n had o c c u r r e d , a l though, a s no ted 
be low, an i m p e r v i o u s c o a t i n g had f o r m e d on the s u r f a c e . In the s econd 
m e t h o d of a p p l i c a t i o n , the coa t ing was app l i ed a s a thin p a s t e wi th a b r u s h 
to the i n s i d e s u r f a c e . Coa t ings 2 and 5 of T a b l e 1-4 w e r e u s e d in t h e s e e x ­
p e r i m e n t s . The r e s u l t s w e r e a s fo l lows: 

1) Coa t ing 2, app l i ed by both t e c h n i q u e s , r a n into the 
b o t t o m of the c r u c i b l e when m e l t e d . 

2) Coa t ing 5 w o r k e d v e r y w e l l when app l i ed in two a p p l i ­
c a t i o n s (and f i r i n g s ) i n s ide two a l u m i n a c r u c i b l e s , of 4 - i n . OD by 8 in. high. 
One a p p l i c a t i o n w a s not enough to c l o s e a l l of the p o r e s . One c r u c i b l e was 
c o a t e d by the v a c u u m i m p r e g n a t i o n t e c h n i q u e . The f i r s t a p p l i c a t i o n was 
f i r ed a t 1500 C, the s e c o n d a t 1300 C. The o t h e r c r u c i b l e was coa t ed by 
b r u s h i n g on a thin p a s t e , bo th a p p l i c a t i o n s be ing f i red a t 1400 C. Both 
c r u c i b l e s w e r e r e n d e r e d i m p e r v i o u s to w a t e r a s i nd i ca t ed by the ab i l i t y to 

2op. cit., p. 46. 



draw a 30-in. mercury vacuum on the outside of the crucibles filled with 
water . The water level dropped less than 2 mm in several hours. Further 
evidence of the imperviousness to water of the coated crucibles was indi­
cated by the fact that the level of water held in one crucible for one week 
dropped only imperceptibly. However, the surface was roughened after 
this exposure, possibly indicating slight hydration. 

Coating 9, which also showed promise in the screening 
tests and which does not require premelting of the constituents, has not 
yet been properly tested on a crucible. 

In summary. Coating 5, applied to porous alumina cru­
cibles, renders them impervious to water. The coating mater ia l must be 
premelted, ground, and applied in two applications with firing at 1400 C 
after each coating. It is believed that a fired thickness of 10 mils is suffi­
cient to obtain an impermeable coating. Coating 9, which does not require 
premelting and grinding, is also promising but has not been tested as ex­
tensively. The coating mater ia ls might work equally well on crucibles 
made from a castable alumina which could be used to form crucibles up to 
several feet in diameter. This possibility is under investigation. 

The utility of the coatings described above for containing 
skull reclamation systems depends largely on the inertness of the coatings 
to magnesium in zinc solution. Several crucibles are being made for cor­
rosion testing with halide salts and zinc-magnesium solutions. 

g. Supporting Chemical Investigations 
(R. K. Steunenberg) 

Liquid metals and molten salts a re used as process media 
and reagents in the development of pyrometal lurgical processes for EBR-II 
fuels. Fundamental chemical studies of these mater ia ls a re needed to 
supply data for process use and to gain a fuller understanding of the prin­
ciples involved. Work on this program during the quarter has been con­
fined to further spectrophotometric studies of uranium oxides in molten 
salt media. 

Reactions of Uranium Oxides in Molten Chloride Media 
(D. A. Wenz, M. D. Adams, J. S. Tait) 

A soluble uranium (V) species, believed to be UO "̂ ion, is 
formed on the addition of the higher uranium oxides to molten chloride 
salts (see ANL-6569, p. 54). A character is t ic absorption spectrum at­
tributed to this species has been determined in the visible and near-
infrared regions (see ANL-6648, p. 77). 
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Since the chemical behavior of this species suggests that 
it is an oxygen-bearing uranium (V) compound, the most likely possibilities 
are that it is UO2CI or UOCI3. To obtain a comparison with a known mate­
r ia l by spectrophotometric methods, a sample of the latter compound, ura­
nium oxytrichloride, was prepared by the reaction of uranium tetrachloride 
with uranyl chloride at 370 C: 

UCI4+UO2CI2 ^ 2 UOCI3 

The uranium and chlorine contents obtained by chemical analyses of the 
brown product resulting from the reaction corresponded to theoretical 
values for uranium oxytrichloride. The X-ray powder pattern for uranium 
oxytrichloride is not catalogued, and the pattern for the brown product ob­
tained in the preparation did not correspond to any known pattern of ura­
nium oxides, chlorides, or oxychlorides. 

Decomposition of the product made it impossible to obtain 
a spectrum in molten salt solutions at 400 C. However, a spectrum of the 
solid mate r ia l in a petrolatum mull was obtained at room temperature 
(see Figure I-IO). Some of the absorption peaks occurred at wavelengths 

Figure I- 10 

COMPARISON OF SPECTRA OF URANIUM OXYTRICHLORIDE 
AND PREVIOUSLY OBSERVED URANIUM (IV), (V), 

AND (VI) SPECIES 

700 900 1100 1300 

WAVELENGTH, m ^ 
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corresponding to those for the previously determined uranium (V) spectrum 
in molten salt solution. Also present were several additional absorption 
peaks that did not occur in the previously observed uranium (V) spectrum, 
nor in the spectra of known uranium (ill), (IV), or (Vl) compounds. Thus, 
it appears that the uranium (V) species observed in molten salt solutions 
has some charac ter i s t ics in common with uranium oxytrichloride, but is a 
different compound. This conclusion tends to support the assignment of the 
uranium (V) spectrum in molten salt solutions to UO "̂ ion, although it is 
not conclusive evidence. 

h. Supporting Engineering Studies 

(l) Natural Convection Heat Transfer in Liquid Metals 
(R. Akins, P. Nelson) 

Work has been started to obtain experimental meas­
urements of natural convection heat t ransfer ra tes in liquid metals . The 
data obtained will be compared with values calculated by the use of avail­
able theories. Theoretical calculations seem to be on very firm ground in 
the area of laminar-flow natural convection for fluids whose Prandtl 
numbers* are of the order of one. However, outside of this area (for ex­
ample, in the transition zone or turbulent flow zone or with fluids like 
liquid metals whose Prandtl numbers are much different from one), there 
are practically no analytical resul ts or experimental data. Therefore, ex­
perimental equipment is being built to obtain data in those areas where no 
data a re currently available and where theoret ical predictions are likely to 
be in e r ro r . 

The experimental unit will be capable of obtaining 
temperature and velocity profiles in a natural-convection system having a 
vert ical flat plate in an apparently infinite fluid. The physical equipment 
will consist of a 12-in.-deep by 7-in. by 9-in. stainless steel tank which 
will be used to hold the fluid of interest . A 2-in.-high by 4-in.-wide by 
0.006-in.-thick stainless steel plate, at approximately the center of the 
tank, will be electrically heated by means of bus bars attached to the ends 
of the plate. It is planned to test the equipment in the laminar region, with 
water as the fluid, and then to obtain data in transit ion and turbulent flow 
with the same fluid. Next, the same type of data will be obtained in the 
natural-convection system with mercury as the fluid. 

The data for mercury are not expected to conform to 
the analytical predictions as well as the data for water, because ver t ical 
conduction is neglected in all the known theoretical solutions. Mercury has 
a rather large thermal conductivity, and, therefore, conduction in any di­
rection should not be discounted. 

*The Prandtl number is Cp/i/k, where Cp is heat capacity at constant 
pressure , jJ. is viscosity, and k is thermal conductivity. 
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C a l c u l a t i o n s a r e a l s o u n d e r w a y to so lve the d i f fe r ­
e n t i a l e q u a t i o n s for t h i s s y s t e m by m e a n s of a v a r i a t i o n of the p e r t u r b a t i o n 
t h e o r y wi th the v e r t i c a l conduc t ion a s the f i r s t - o r d e r p e r t u r b a t i o n . If t h i s 

s c h e m e is s u c c e s s f u l , new a n a l y t i c a l 
Figure I - l l 

CALIBRATION OF PITOT TUBE FOR NATURAL-

CONVECTION HEAT TRANSFER STUDIES 

IN LIQUID METALS 

r e s u l t s wi l l be a v a i l a b l e for c o m ­
p a r i s o n wi th the e x p e r i m e n t a l da ta . 

The m a j o r p i e c e s of the ex ­
p e r i m e n t a l a p p a r a t u s a r e unde r 
c o n s t r u c t i o n , and s o m e of the a s s o ­
c i a t ed e q u i p m e n t h a s been t e s t e d . At 
p r e s e n t , the t e m p e r a t u r e - m e a s u r i n g 
i n s t r u m e n t s a r e be ing c a l i b r a t e d . 
C a l i b r a t i o n of the v e l o c i t y - m e a s u r i n g 
P i t o t tube h a s been c o m p l e t e d with 
flowing w a t e r in a tube ; the r e s u l t s 
a r e shown in F i g u r e I - l l . The c a l i ­
b r a t i o n is in a c c o r d with t heo ry , 
n a m e l y , that the ve loc i t y is p r o p o r ­
t i ona l to the s q u a r e roo t of the 
i m p a c t p r e s s u r e . The c a l i b r a t i o n 
l ine shows tha t flow m e a s u r e m e n t s 
can be m e a s u r e d to s p e e d s a s s m a l l 
a s one c m / s e c with an a c c u r a c y of 
± 0 . 5 c m / s e c . The equ ipmen t is 
c apab l e of m e a s u r i n g flow v e l o c i t i e s 
a s s m a l l a s about 0.3 c m / s e c , but 
e x t r a n e o u s m e c h a n i c a l v i b r a t i o n s 
p r e v e n t a c c u r a t e m e a s u r e m e n t s b e ­
low one c m / s e c . A t t e m p t s wi l l be 
m a d e to e l i m i n a t e m e c h a n i c a l v i b r a ­
t ions in the e x p e r i m e n t a l se tup , but 
the r a n g e over which m e a s u r e m e n t s 
can now be m a d e is sufficient to 
c o v e r m a n y of the a r e a s of i n t e r e s t . 
Al though o the r , m o r e s e n s i t i v e in­

s t r u m e n t s a r e a v a i l a b l e for m e a s u r i n g a v e r a g e flow r a t e s , the p r e s e n t 
e q u i p m e n t h a s the a d v a n t a g e of ind ica t ing r a p i d f luc tua t ions in flow, such 
a s o c c u r in t u r b u l e n t flow. The p r e s s u r e s of the P i t o t tube p r o b e w e r e 
m e a s u r e d by m e a n s of a p r e s s u r e t r a n s d u c e r and w e r e r e c o r d e d on a 
S a n b o r n , Mode l 350, d u a l - c h a n n e l r e c o r d e r * which wi l l be used to r e c o r d 
the t e m p e r a t u r e s . The i m p a c t p a r t of the P i to t tube is a "fish m o u t h " -
s h a p e d opening of the type used in b o u n d a r y - l a y e r work . The m a x i m u m 
d i m e n s i o n of the i m p a c t head is 0.33 in., wi th a 0 .005- in . by 0.019-in. 
open ing . 
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The w o r k in the i m m e d i a t e fu ture wi l l c o n s i s t of fu r ­
t h e r c a l i b r a t i o n s , c o m p l e t i o n and a s s e m b l i n g of the e q u i p m e n t , and t e s t 
r u n s to c h e c k the o p e r a t i o n . A t t e m p t s a r e be ing m a d e to i m p r o v e the 
m a t h e m a t i c a l a n a l y s e s of n a t u r a l - c o n v e c t i o n hea t t r a n s f e r in l iquid m e t a l s . 

(2) Study of M e c h a n i s m s of Liquid M e t a l Boi l ing and 
E n t r a i n m e n t 
(J . Wolkoff, L. F . D o r s e y ) 

V a p o r i z a t i o n f r o m the l i q u i d - v a p o r s u r f a c e of a liquid 
pool wi thout the f o r m a t i o n of v a p o r b u b b l e s wi th in the pool ( h e r e ca l l ed 
n o n t u r b u l e n t v a p o r i z a t i o n ) is e s s e n t i a l l y an e n t r a i n m e n t - f r e e m e t h o d of a c ­
c o m p l i s h i n g the p h a s e change . In n o r m a l n u c l e a t e , t r a n s i t i o n , and f i lm 
boi l ing , the v a p o r b u b b l e s which b r e a k t h r o u g h the s u r f a c e g e n e r a l l y c r e a t e 
d r o p l e t s of l iquid which m a y be e n t r a i n e d by the v a p o r s t r e a m . Non tu rbu ­
lent v a p o r i z a t i o n r a t e s of l iquid m e t a l s would have p o t e n t i a l u s e f u l n e s s if 
high enough for a p p l i c a t i o n s r e q u i r i n g e n t r a i n m e n t - f r e e v a p o r i z a t i o n . 

The p h e n o m e n a a s s o c i a t e d wi th the l i q u i d - t o - v a p o r 
p h a s e change a r e being s tud ied wi th l iquid m e t a l s . The cond i t ions n e c e s ­
s a r y to a c h i e v e high n o n t u r b u l e n t v a p o r i z a t i o n r a t e s a r e be ing e x a m i n e d 
with p u r e m e r c u r y in g l a s s e q u i p m e n t . 

It was found p r e v i o u s l y tha t n o n t u r b u l e n t v a p o r i z a t i o n 
r a t e s f rom a sha l low pool (2-j- in. in d i a m e t e r by l-j in. deep) could be in­
c r e a s e d by a c t i v e s t i r r i n g of the m e r c u r y ( see A N L - 6 6 4 8 , p. 84). Induction 
hea t ing , by m e a n s of a flat, f o u r - t u r n induc t ion co i l o p e r a t i n g a t a f requency 
of 10 kc, p rov ided both hea t and m i x i n g power , and a hea t flux t h rough the 
v a p o r i z i n g s u r f a c e of 103,000 B t u / ( h r ) ( s q ft) w a s a c h i e v e d . M o r e r e c e n t 
r u n s unde r s i m i l a r cond i t ions gave f luxes a s high a s 115,000 B t u / ( h r ) ( s q ft). 

With the s a m e boi l ing m e r c u r y loop u n d e r s i m i l a r 
cond i t ions , the effect of l iquid l e v e l was e x a m i n e d for m e r c u r y pool depths 
of 2 and 3 in. The p r e v i o u s l y u s e d flat c o i l s p r o d u c e d i nadequa t e l iquid 
c i r c u l a t i o n in t h e s e poo l s . T h e r e f o r e , a n u m b e r of c y l i n d r i c a l co i l s h a p e s 
w e r e t e s t e d to i m p r o v e the c i r c u l a t i o n . M a x i m u m h e a t f luxes at the v a p o r ­
iz ing s u r f a c e of 115,000 and 109,000 B t u / ( h r ) ( s q ft) w e r e a c h i e v e d for the 
2- in . and 3- in . l e v e l s wi th f o u r - t u r n and s e v e n - t u r n c y l i n d r i c a l c o i l s , 
r e s p e c t i v e l y . 

The 3 - i n . - d e e p pool was a l s o hea t ed by an e x t e r n a l 
c y l i n d r i c a l r e s i s t a n c e h e a t e r . The m a x i m u m h e a t flux ob ta inab le wi th non­
t u r b u l e n t v a p o r i z a t i o n was 77,000 B t u / ( h r ) ( s q ft). 

The c i r c u l a t i o n wi th in the pool was p o o r e r a t g r e a t e r 
pool d e p t h s . The p ronounced c e n t e r r i s e wi th a c c o m p a n y i n g a c t i v e c i r c u ­
la t ion , which was p r o m i n e n t in the 1 - i n . -deep pool, changed to a r a n d o m 
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surface pattern with increased depth. There was a tendency toward rock­
ing and splashing in the 3-in.-deep pool at the higher vaporization ra tes . 
To achieve greater e lectr ical current penetration and improved circulation 
in the pool, induction heating with 60-cycle power will be tried. 

3. Reactor Materials 
(R. K. Steunenberg) 

Pyrometal lurgical techniques offer considerable promise as 
simple, economical methods for producing nuclear fuels. Metallic fuel ma­
ter ia ls , such as uranium, plutonium and thorium, can be prepared in high 
purity and with essential ly no losses through the direct reduction of oxides, 
fluorides, and chlorides by liquid metal solutions containing magnesium. 
Refractory compounds of interest as high-performance reactor fuels, such 
as carbides and sulfides of uranium and plutonium, can also be prepared by 
various pyrometal lurgical methods. During the past quarter work has been 
devoted to (l) construction of equipment suitable for the preparation of 
uranium and plutonium carbides and of uranium sulfide, (2) the direct r e ­
duction of thorium dioxide to thorium metal, and (3) the preparation of 
uranium metal from ore concentrates by pyrometallurgical methods. 

a. Equipment for the Preparat ion of Uranium and 
Plutonium Carbides 
( T . R . Johnson, J. F. Lenc, M. A. Bowden, J. R. Pavlik, 
J. S. Tait) 

In order to minimize impurit ies in the product, p repara­
tions of uranium monocarbide will be conducted in a vacuum-inert gas 
glovebox. The glovebox is designed in such a way that various types of 
furnaces can be attached and removed without exposure of the furnace or 
glovebox contents to a i r . Completion of this facility within the next quarter 
is expected. 

An alpha glovebox facility to be used for the preparation 
of plutonium carbides in high-purity inert gas atmospheres has been com­
pleted. Operation of this facility, in which highly alpha-active mater ia ls 
can be handled, is current ly being tested by performing several operations 
with uranium as a stand-in for plutonium. 

b. Reduction of Thorium Dioxide 
(W. H. Hauschildt,* J. B. Knighton) 

The effects of variables such as flux composition, temper­
ature , thorium loadings, and agitation on the reduction of thorium dioxide 
by zinc-magnesium solutions have been reported previously (see ANL-6596, 
p. gi ; ANL-6648, p. 90). Additional work has been done to explore further 

*Dow Chemical Co. 



the effect of m a g n e s i u m c o n c e n t r a t i o n in the m e t a l phase on the r e d u c t i o n 

r e a c t i o n . In a s e r i e s of e x p e r i m e n t s , 68 .3 -g c h a r g e s of t h o r i u m dioxide 

w e r e r e d u c e d for 4 h r a t 800 C u n d e r an a r g o n a t m o s p h e r e . The m e t a l 

p h a s e c o n s i s t e d of 612.5 g of z i n c - m a g n e s i u m a l loy of v a r i o u s c o m p o s i t i o n s , 

and the flux was 300 g of 90 m / o m a g n e s i u m c h l o r i d e - 1 0 m / o m a g n e s i u m 

f l uo r ide . The r e s u l t s a r e c o m p a r e d in F i g u r e 1-12 with e a r l i e r da ta ob­

t a ined wi th o the r f luxes (see A N L - 6 6 4 8 , p . 93). 
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+ 6 0 m / o C o C l 2 SOm/oMgClg lOm/oCoFg 
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MAGNESIUM CONCENTRATION IN FINAL 
Zn-Mg ALLOY, weight percent 

Figure 1-12 

EFFECT OF MAGNESIUM CONCENTRATION IN 
ZINC ON REDUCTION OF THORIUM DIOXIDE 

Experimental Conditions 

612.5 g of Mg-Zn Alloy 
300 g of Flux 
68.3 g of Th02 Charge 
800 C for 4 hr 
Heat to 850 C, sample, and pour 
Argon atmosphere 

T h e u s e of t h i s f l u x , w h i c h c o n t a i n e d 100 p e r c e n t m a g n e ­
s i u m c a t i o n , y i e l d e d n e a r l y c o m p l e t e r e d u c t i o n of t h o r i u m d i o x i d e o v e r a 
r a n g e of m a g n e s i u m c o n c e n t r a t i o n s i n t h e m e t a l p h a s e f r o m a b o u t 5 t o 
15 w / o . In t h e s e e x p e r i m e n t s , t h e t h e o r e t i c a l t h o r i u m c o n t e n t of t h e f i n a l 
m e t a l p h a s e w a s 9. 1 w / o . 

P r e l i m i n a r y s t u d i e s h a v e b e e n m a d e t o d e t e r m i n e t h e 

t h o r i u m l o a d i n g s t h a t c a n b e a c c o m m o d a t e d b y t h i s s y s t e m . O v e r a r a n g e 

of 8 t o 14 w / o m a g n e s i u m a n d 6 t o 24 w / o t h o r i u m i n t h e m e t a l p h a s e , i n ­

c o m p l e t e r e d u c t i o n (98 p e r c e n t o r l e s s ) w a s o b t a i n e d a t t h o r i u m l o a d i n g s 

a b o v e 10 w / o . It a p p e a r s t h a t t h i s v a l u e m a y b e a p r a c t i c a l l i m i t o n t h e 

c a p a c i t y of t h e s y s t e m fo r t h o r i u m d i o x i d e r e d u c t i o n . 

c . D i r e c t R e d u c t i o n of U r a n i u m O r e C o n c e n t r a t e s 

( R . B . S u b r a m a n y a m , * J . B . K n i g h t o n ) 

T h e s u c c e s s f u l r e d u c t i o n of u r a n i u m o x i d e s t o t h e 

m e t a l b y z m c - m a g n e s i u m s o l u t i o n s i n t h e s k u l l r e c o v e r y p r o c e s s 

h a s l e d t o c o n s i d e r a t i o n of t h i s t e c h n i q u e f o r t h e d i r e c t p r o d u c t i o n of 

• A f f i l i a t e , I n t e r n a t i o n a l I n s t i t u t e of N u c l e a r S c i e n c e a n d E n g i n e e r i n g . 



u r a n i u m m e t a l f r o m o r e c o n c e n t r a t e s . P r o d u c t i o n of r e a c t o r - g r a d e u r a ­

n i u m b y t h i s t e c h n i q u e , if s u c c e s s f u l , w o u l d e l i m i n a t e a s e r i e s of p u r i f i c a ­

t i o n a n d c h e m i c a l c o n v e r s i o n s t e p s c u r r e n t l y i n u s e . 

P r e v i o u s s t u d i e s h a v e s h o w n t h a t s i l i c o n i s t h e p r i n c i p a l 

i m p u r i t y f o u n d i n u r a n i u m m e t a l p r o d u c e d i n t h e l a b o r a t o r y b y t h e m e t h o d 

d e s c r i b e d i n A N L - 6 6 4 8 , p . 9 5 . In a s e r i e s of e x p l o r a t o r y s t u d i e s w i t h b e a c h 

s a n d , s i l i c o n w a s v o l a t i l i z e d a s t h e f l u o r i d e u p o n t r e a t m e n t w i t h a m m o n i u m 

b i f l u o r i d e , u r a n i u m t e t r a f l u o r i d e , o r f u s e d m i x t u r e s of s o d i u m c a r b o n a t e 

w i t h c a l c i u m f l u o r i d e o r m a g n e s i u m f l u o r i d e ( s e e A N L - 6 6 4 8 , p . 9 5 ) . 

F u r t h e r w o r k h a s b e e n c o m p l e t e d w i t h a t y p i c a l u r a n i u m 

o r e c o n c e n t r a t e ( A n a c o n d a r e s i n - i n - p u l p i o n e x c h a n g e t y p e ) t o d e t e r m i n e 

t h e m i n i m u m q u a n t i t i e s of r e a g e n t s r e q u i r e d f o r e f f e c t i v e s i l i c a r e m o v a l . 

F i g u r e 1-13 g i v e s t h e r e s u l t s of 4 - h r t r e a t m e n t s of t h e o r e c o n c e n t r a t e 

w i t h v a r y i n g a m o u n t s of a m m o n i u m b i f l u o r i d e a t 145 C. A n a m m o n i u m b i -

f l u o r i d e : o r e c o n c e n t r a t e w e i g h t r a t i o of a b o u t 0 . 1 5 t o 0 . 2 0 a p p e a r s t o b e 

r e q u i r e d f o r r e m o v a l of 8 5 t o 90 p e r c e n t of t h e s i l i c o n . T h i s r e m o v a l 

w o u l d r e s u l t i n a b o u t 1000 p p m s i l i c o n i n t h e u r a n i u m m e t a l p r o d u c t , a s ­

s u m i n g t h a t a l l of t h e u n v o l a t i l i z e d s i l i c o n w o u l d r e m a i n w i t h t h e u r a n i u m . 

Figure 1-13 

REMOVAL OF SILICA FROM URANIUM ORE 
CONCENTRATE BY FUSION WITH 

AMMONIUM BIFLUORIDE 

Temperature: 
Time; 
Crucible: 
Atmosphere: 
Ore Concentrate: 
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ore concentrate: 
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145 C 
4 hr 
Platinum 
Air 
"̂ 2 g (Anaconda resin-in-
pulp ion exchange type) 

As indicated 
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WEIGHT RATIO OF NH4HF2 TO ORE CONCENTRATE 
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In t h e t r e a t m e n t of o r e c o n c e n t r a t e w i t h u r a n i u m t e t r a f l u o ­

r i d e , a w e i g h t r a t i o of a b o u t 0 . 3 5 w a s n e e d e d t o r e m o v e 9 5 p e r c e n t of t h e 

s i l i c o n a f t e r 3 h r a t 9 0 0 C ( s e e F i g u r e 1 -14) . 

A d e m o n s t r a t i o n e x p e r i m e n t h a s b e e n c o m p l e t e d in w h i c h 

a t y p i c a l o r e c o n c e n t r a t e ( A n a c o n d a i o n e x c h a n g e r e s i n - i n - p u l p t y p e ) w a s 

( l ) p r e t r e a t e d w i t h a m m o n i u m b i f l u o r i d e t o r e m o v e s i l i c a (2) c h l o r i n a t e d 

t o r e m o v e c e r t a i n o t h e r g a n g u e e l e m e n t s ( c h l o r i n e w a s g e n e r a t e d b y e x p o ­

s u r e of t h e m a g n e s i u m c h l o r i d e - m a g n e s i u m f l u o r i d e f l u x t o a i r ) , (3) r e d u c e d 



b y z i n c - 5 w / o m a g n e s i u m a l l o y u n d e r a r g o n a t m o s p h e r e , (4) r e t o r t e d u n d e r 

v a c u u m t o r e m o v e z i n c a n d m a g n e s i u m , a n d (5) a r c - m e l t e d t o f o r m a b u t t o n . 

A l t h o u g h f i n a l r e s u l t s a r e n o t y e t a v a i l a b l e o n t h e y i e l d a n d p u r i t y of t h e 

p r o d u c t , t h e u r a n i u m c o n c e n t r a t e a p p a r e n t l y w a s c o m p l e t e l y r e d u c e d t o 

m e t a l . 

Figure 1-14 

REMOVAL OF SILICA FROM URANIUM ORE 
CONCENTRATE BY FUSION WITH 

URANIUM TETRAFLUORIDE 

0 1 0.2 0,3 0 4 0,5 0 6 0,7 0,8 0.9 10 
WEIGHT RATIO OF UF4 TO ORE CONCENTRATE 
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B . F u e l P r o c e s s i n g F a c i l i t i e s for E B R - I I 
( L . F . Co leman , M. Levenson , J . H. Sch ra id t ) 

A d i r e c t - c y c l e f u e l - r e p r o c e s s i n g plant b a s e d on p y r o m e t a l l u r g i c a l 
p r o c e d u r e s was des igned and is be ing c o n s t r u c t e d a s p a r t of the E x p e r i ­
m e n t a l B r e e d e r R e a c t o r No. II (EBR-I l ) P r o j e c t . Mel t re f in ing , l iquid 
m e t a l ex t r ac t i on , and p r o c e s s e s involving f r a c t i o n a l c r y s t a l l i z a t i o n f rom 
liquid m e t a l s y s t e m s a r e m e t h o d s be ing e x a m i n e d for the r e c o v e r y and 
pur i f ica t ion of E B R - I I fuels . B a s e d on t h e s e s t u d i e s , p r o c e s s equ ipmen t 
is being des igned and t e s t ed . 

1. Status of F u e l Cycle F a c i l i t y 

a. Building and Building S e r v i c e s 
(E. J . P e t k u s , J . O. Ludlow) 

(1) Equ ipmen t Ins t a l l a t ion 

Work is cont inuing on the i n s t a l l a t i o n and t e s t i n g of 
equ ipment in the E B R - I I F u e l Cycle F a c i l i t y . C o r r e c t i v e w o r k is a l s o 
being c a r r i e d out. 

Leaks which w e r e found in the sh ie ld plug of the 7-f t-
s q u a r e ha tch in the roof of the A r g o n Cel l ( see A N L - 6 6 4 8 , p. 98) have b e e n 



repai red by welding a steel cover plate on the plug. This hatch is to be 
used for the emergency removal of equipment that is too large to be moved 
through the large transfer lock. 

(2) Air In-leakage Tests of Argon Cell 

Tests have been conducted to determine the in-leakage 
rate of air into the Argon Cell. The design specification leak rate for the 
Argon Cell is 0.01 cfm (see Chemical Engineering Division Summary Re­
port for July, August, September 1957, ANL-5789, p. 125) at a cell p ressure 
of -2 in. H2O. This leak rate is equivalent to 0.02 percent of cell volume 
per day. The volume of the Argon Cell and associated gas-handling, cool­
ing, and purifying equipment is approximately 66,000 cu ft. For the first 
two tes ts , the p ressu re inside the Argon Cell was lowered slightly below 
atmospheric p ressure , and the rate of in-leakage of air was determined by 
measuring the increase in p ressu re inside the cell. Periodically, during 
the testing period, an inventory of the amount of gas in the cell was deter­
mined from the differential p ressure , the barometr ic p ressure , and the 
tempera ture of the cell gas. A change of one degree F in the temperature 
of the cell gas is equivalent to an inventory change of about 120 cu ft of gas, 
and a change in the p ressure of the cell gas of one inch of water is equiv­
alent to an inventory change of about 200 cu ft of cell gas. These values 
vary slightly as a function of cell temperature and absolute p ressure . 

The resul ts of the first test, based on data obtained 
over a 65-hr testing period, indicated a leak rate of the order of 0.1 cfm 
at a p re s su re in the Argon Cell of -10 in. HjO. Freon leak testing of cell 
penetrations disclosed a number of small leaks which were repaired. The 
resul ts of a second test, based on data obtained over a 90-hr period, 
showed an in-leakage rate of about 0.05 cfm at a cell p ressure of -6 in. HjO. 
The leak rate of 0.05 cfm is considered to be the lower limit of detection 
for this type of measurement . 

In the third test, the in-leakage rate of air into the 
Argon Cell was determined by a leak test method which involved replacing 
the air in the Argon Cell with nitrogen and measuring the increase in 
oxygen content of the nitrogen in the cell. A total volume of 160,000 cu ft 
of nitrogen was added to the cell, which reduced the oxygen concentration 
in the cell to about one percent. The oxygen level was further reduced by 
operating the argon-purification system. Initial test measurements indi­
cated high in-leakage of air into the cell. Leaks were found in severa l 
valves and flanges, which were then repaired; the subsequent increase in 
the oxygen level indicated an air in-leakage rate of less than O.OO6 cfm at 
a p re s su re in the Argon Cell of -4 in. HjO. The air in-leakage determina­
tions were made at oxygen levels in the Argon Cell of 8 to 30 ppm and at a 
water level of about 5 ppm. The resul ts of this test indicate that the Argon 
Cell is adequately air tight. 
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Operation of the pressure-cont ro l system for the 
Argon Cell has shown that the control valves for the refrigerant flow are 
oversized. It will be necessary to replace these valves, which were in­
stalled by the original construction contractor, before satisfactory opera­
tional control can be achieved. 

b. Cell Viewing and Lighting 
(T. W. Eckels, J. Graae) 

(l) Auxiliary Local Lighting 

It is anticipated that on occasion brilliant lighting of 
an area in the process cells may be needed. For this purpose a portable 
lamp (see Figure 1-15) using a 500-w Quartzline* lamp bulb has been built. 
The luminaire unit, which is about 20 in. long by 10 y-in. maximum width 
and which weighs 7 .|. lb, can be mounted at two heights (3 or 5 ft) on a 
portable lamp pole. (The mounting fitting at the 3-ft height is not shown 
in Figure I- 15.) 

Figure 1-15 

PORTABLE LAMP AND MIRROR 
FOR USE IN PROCESS CELLS 

108-5946 

*An incandescent, filament-type, quartz-envelope lamp which contains 
iodine. The iodine prevents the tungsten that is evaporated from the 
filament from accumulating on the lamp walls. The lamp is a product 
of the General Electric Company. 



The portable pole stand is designed to serve as a lamp 
pole and as a m i r r o r standard. It is made of 2-in.-diameter , 6-ft-long steel 
pipe which is mounted on a 1-in.-thick x 16-in. x 24-in. steel base plate. 
The pole assembly weighs about 150 lb. Electric power for the luminaire 
will be supplied by a portable, flexible, metal-covered, electr ic cable. The 
cable is remotely connected to receptacle terminations on the base of the 
pole stand and the e lect r ical feed-through. 

The m i r r o r assembly, which ca r r i e s a front surface-
coated glass m i r r o r (20 in. high x 24 in. wide), will weigh about 50 lb. The 
m i r r o r will be adjustable about a horizontal axis. 

The in-cel l service life expectancy of the luminaire 
unit and the electr ic cable is about 2000 hr. The portable pole stand with 
its mounting brackets and fixed wiring has an in-cel l service life expect­
ancy of at least 25,000 hr. The m i r r o r and its frame can be replaced as 
required. 

(2) Shielding Window Shutters 

Shielding window shutters will be used to protect the 
process cell windows from radiation damage when the windows a re not in 
use. The high stalling torque of the motor used for moving the shutter 
causes chattering of the drive gear when the shutter reaches the end of its 
t ravel . To overcome this high stalling torque, a slip clutch has been de­
signed and successfully tested on one of the window shutters . This clutch 
can stand slipping for long periods of time without overheating when op­
erated at the required speed and torque. Clutches of the type successfully 
tested have been ordered for all of the shutter drive units. 

2. Development of Service Equipment 

a. Interbuilding Fuel - t ransfer Coffins 
(G. J . Bernstein, A. A. Chilenskas) 

Fuel subassemblies containing spent or reconstituted fuel 
will be t ransported between the Reactor Building and the Air Cell of the 
Fuel Cycle Facility in 20-ton interbuilding fuel-transfer coffins. Two types 
of interbuilding coffins a re being fabricated (see ANL-6569, p. 71). One of 
the coffins was designed by Argonne National Laboratory personnel and is 
being built at Argonne. In this coffin, the fission product heat from the 
subassembly will be removed by a circulating argon s t r eam and will then 
be t rans fe r red to the lead body of the coffin through an internal heat ex­
changer. The body of the coffin has been fabricated and filled with lead. 
Per formance tes ts of the blower for recirculat ing the argon in the coffin 
were conducted at Argonne National Laboratory and at the manufacturer ' s 
plant. Results of the tes ts showed that the drive motor initially supplied 
was too small . This motor is being replaced with a motor of greater 
horsepower. 



66 

An emergency cooling system for removing fission product 
heat has been incorporated in the design of the coffin. This system involves 
gravity flooding of the cavity of the coffin with mercury from a rese rvo i r 
attached to the coffin. The fission product heat will be removed from the 
spent fuel subassembly by conduction through the mercury to the lead in the 
coffin body. 

It has been estimated that a spent fuel subassembly will be 
coated with less than 100 g of sodium at the time when it is placed in the 
coffin. Since the sodium will be brought into contact with mercury in the 
event that emergency cooling is necessary , the study of the reaction be­
tween sodium and mercury was undertaken. 

A 4-in.-long section of an EBR-II stainless steel fuel pin 
can (of 0.174-in. OD) was dipped into molten sodium. The resulting sodium 
coating on the fuel pin can weighed 0.8 g. The sodium-coated fuel pin can 
section was then immersed in 220 g of mercury . The sodium-to-mercury 
mass ratio was equal to the estimated mass ratio that will exist in the core 
portion of the fuel subassembly if the fuel subassembly is flooded with 
mercury. The average sodium film thickness in the experiment was about 
twelve times the average sodium film thickness expected on the fuel sub­
assembly. The reaction was inhibited initially (probably owing to a thin 
layer of sodium oxide) but, once begun, it was completed in about one second. 
The temperature r ise of the system was 35 C. 

By means of the resul t obtained in this experiment, it has 
been calculated that if a subassembly (with a fission product decay heat of 
1 kw) reaches 430 C owing to a failure of the normal gas-cooling system 
and is then flooded with mercury initially at room temperature , the tem­
perature of the subassembly will be reduced rapidly to about 200 C. Fur ­
ther cooling of the subassembly by heat t ransfer through the mercury to 
the shielding lead of the coffin will occur until the subassembly reaches an 
equilibrium temperature of about 100 C. 

A coffin has also been designed and built by O. G. Kelley 
and Company of Boston, Massachusetts , and has been delivered to Idaho. 
This coffin is more complex than the Argonne coffin, since it includes an 
external argon-to-air heat exchanger to remove the fission product heat 
from the pr imary circulating argon s t ream. The secondary air s t ream is 
delivered to the heat exchanger by means of a vaneaxial-type blower. If 
the resul ts of the heat- removal performance tests are successful with the 
coffin that is being built at Argonne National Laboratory, the cooling system 
of the coffin furnished by O. G. Kelley and Company will be replaced by one 
of Argonne design. The commercial ly fabricated coffin is undergoing leak 
testing and dimensional checking. Several leaks have been corrected, and 
some correct ive machining will be necessary . 



Since irradiated fuel subassemblies on discharge from the 
EBR-II reactor will be coated with a thin film of sodium, a sodium-removal 
station, which will be located between the Reactor Building and the Fuel 
Cycle Facili ty, has been designed. At this station, the sodium will be r e ­
moved while the fuel subassembly is contained within the transfer coffin. 
The proposed procedure allows the sodium film to be removed without 
causing an excessive r i se in the t empera ture* of the subassembly and p re ­
cludes the occurrence of an explosion by minimizing the reaction in which 
hydrogen is generated. The proposed sodium-removal scheme consists of 
the following reaction steps: 

(1) Na + 1/4 O2 = 1/2 NajO ; AHf = -49.72 x 10^ cal /mole ; 

(2) 1/2 NajO + 1/2 H2O = NaOH ; AHf = -52.24 x 10^ cal /mole ; 

(3) NaOH(s) + H2O = NaOH (sol) ; AHg = -10.18 x 10^ cal /mole . 

In Step (1), the sodium will be converted to sodium oxide 
by the addition of a small amount of humidified air to the recirculating 
argon atmosphere of the coffin. The required humidity will be determined 
by experiments at the EBR-II site. The quantity of air added will be just 
sufficient to permit the slow conversion of the sodium to the oxide. The 
progress of the reaction will be followed by monitoring the temperature of 
the recirculat ing gas leaving the fuel subassembly. The rate of the r eac ­
tion will be controlled by increasing or decreasing the rate of addition of 
humidified air to the recirculat ing argon. The fission product heat of a 
fuel subassembly i r radiated to a burnup of 2 percent and cooled for 15 days 
has been est imated to be 1 kw. Based upon a 100-g holdup of sodium in the 
fuel subassembly, the sodium-to-sodium oxide conversion reaction must be 
allowed to proceed over a 15-min period if an average total heat genera­
tion (fission product plus chemical) of about 2 kw is to be maintained. The 
hea t - removal systems proposed for the two interbuilding fuel-transfer cof­
fins will readily remove this amount of heat without an excessive r i se in 
the tempera ture of the fuel subassembly. 

In Step (2), the sodium oxide will be converted to sodium 
hydroxide by increasing the concentration of humidified air within the 
coffin until sufficient water vapor has passed over the sodium oxide to con­
ver t it to sodium hydroxide. As in Step (l), the temperature of the gas 
leaving the subassembly will be monitored to follow the progress of the 
reaction. About 15 min should be sufficient time for the completion of this 
reaction. During this reaction time, the total heat load should not exceed 
2 kw. 

In Step (3), the solid sodium hydroxide is removed by a 
water wash. About 25 gal of water at a ra te of about 5 gpm will be passed 
through the cavity in the coffin. P r io r to the water wash, argon at 30 cfm 

*600 F has been chosen as a design cr i ter ion. 



will be passed through the cavity and through the subassembly in order to 
cool the subassembly and to replace the air in the coffin with argon. This 
step reduces the possibility of hydrogen explosion at the water-gas inter­
face should some of the sodium remain in the metallic form. 

The wash solution containing the sodium will be flushed out 
of the coffin and collected in a 45-gal tank. The solution will be sampled 
and monitored for gross radiation. If the activity level is low (as would be 
expected in normal operation), the waste will be pumped from the 45-gal 
tank into a waste storage tank located in the Fuel Cycle Facility. If the ac­
tivity level should be too high for routine disposal, the waste will be t r ans ­
ferred into a shielded pot and handled as a low-volume, high-activity waste. 
The gases which have been used for purging the coffin and contacting the 
subassembly will be passed through a ventur i -scrubber and a high-efficiency 
filter before being exhausted to the suspect stack. 

Two smal l -scale laboratory experiments have been per­
formed to test the three steps. The resul ts indicate that the reaction rates 
are rapid and will go essentially to completion. A small amount of hydrogen 
was produced in the first experiment but only t race amounts in the second. 
The resul ts indicate that the proposed procedure should be satisfactory. 
Additional work on this procedure will be done at the EBR-II site with a 
sodium-coated, unirradiated, full-scale subassembly in an interbuilding 
fuel-transfer coffin. 

b. Materials Testing 
(G. J. Bernstein, A. A. Chilenskas, J. Graae) 

Insulators* and insulating laminates* molded from a poly­
ester compound reinforced with glass fibers were evaluated as possible 
substitutes for the ceramic insulators now being used for the crane bus bar 
collectors in the Air Cell. After an exposure of 1 x lO' rad, the insulators 
and insulating laminates exhibited some loss (about 20 percent) in physical 
strength. The electr ical insulation res is tance of both items was essentially 
unaffected. The machining propert ies of the laminates were good and threads 
were strong. Unlike ceramics , the mater ia l s were not br i t t le . The test r e ­
sults of the mechanical, physical, and electr ical propert ies of these two 
items were considered satisfactory. Therefore, insulators molded of this 
glass fiber-reinforced plastic will replace the ceramic insulators now in 
use for the bus bar collectors on the crane in the Air Cell. 

c. Miscellaneous Service Equipment Development 
(W. E. Miller, M. A. Slawecki, H. L. Stethers) 

(l) Purification System for Inert-atmosphere Gloveboxes 

Two purification systems for removing water vapor and 
oxygen in order to maintain the purity of inert atmospheres in gloveboxes 

•Product of the Clastic Corporation of Cleveland, Ohio. 



a r e n e e d e d for u s e wi th two g lovebox s y s t e m s i n s t a l l e d in the EBR-I I f a c i l ­
i t i e s . One p u r i f i c a t i o n s y s t e m has been t e s t e d and sh ipped to Idaho. The 
s econd , a d u p l i c a t e of the f i r s t , i s be ing c o n s t r u c t e d a t A r g o n n e . 

E a c h p u r i f i c a t i o n s y s t e m is p o r t a b l e , and c o n s i s t s of 
a g a s b l o w e r i n s t a l l e d in a g a s - t i g h t e n c l o s u r e , a p u r i f i e r con ta in ing a 
p a l l a d i u m c a t a l y s t , a d r y e r con ta in ing M o l e c u l a r S i e v e s , * and a c o n t r o l 
pane l . The s y s t e m is d e s i g n e d so tha t , when it is a t t a c h e d to a g lovebox, 
gas f r o m the g lovebox is m o v e d (in s u c c e s s i o n ) t h r o u g h the p u r i f i e r , the 
b l o w e r , and the d r y e r , and r e t u r n e d to the g lovebox . H y d r o g e n is added a t 
a s t o i c h i o m e t r i c or l ower than s t o i c h i o m e t r i c r a t e to the c i r c u l a t i n g gas 
u p s t r e a m of the p u r i f i e r and r e a c t s on the p a l l a d i u m c a t a l y s t wi th the oxygen 
in the c i r c u l a t i n g gas to f o r m w a t e r . The w a t e r f o r m e d on the c a t a l y s t and 
any o t h e r w a t e r in the c i r c u l a t i n g gas s t r e a m is then s o r b e d on the d e s i c -
can t in the d r y e r . P e r i o d i c a l l y , the d e s i c c a n t in the d r y e r b e c o m e s s a t u ­
r a t e d and r e q u i r e s r e g e n e r a t i o n . Th i s is a c c o m p l i s h e d by hea t ing the 
d e s i c c a n t by e l e c t r i c h e a t e r s i n s t a l l e d in the d r y e r , and p a s s i n g a d r y (dew 
point of -40 C or l e s s ) g a s t h r o u g h the d r y e r . D u r i n g the r e g e n e r a t i o n , the 
d r y e r is i s o l a t e d f r o m the g lovebox and the r e s t of the p u r i f i c a t i o n s y s t e m . 

Af te r the p u r i f i c a t i o n s y s t e m had b e e n a s s e m b l e d , it 
w a s l e a k t e s t e d u s ing a h e l i u m m a s s s p e c t r o m e t e r . No l eaks w e r e found. 
The p u r i f i c a t i o n s y s t e m was then c o n n e c t e d to a g lovebox con ta in ing an 
a r g o n a t m o s p h e r e and the g a s in the g lovebox c i r c u l a t e d t h r o u g h the p u r i ­
f ica t ion s y s t e m for a t o t a l of 55 d a y s . (As no oxygen a n a l y s e s w e r e m a d e , 
h y d r o g e n w a s not added d u r i n g th i s t e s t p e r i o d . ) The g lovebox had a 
v o l u m e of 80 cu ft and had s i x t e e n g l o v e s . D u r i n g the 5 5 - d a y t e s t , t h e s e 
g l o v e s w e r e c o v e r e d wi th g a s k e t e d c o v e r s . The w a t e r c o n c e n t r a t i o n s of 
the g a s in the g lovebox and of the g a s l eav ing the d r y e r w e r e p e r i o d i c a l l y 
d e t e r m i n e d by m e a n s of a w a t e r a n a l y z e r con ta in ing a p h o s p h o r u s pen tox ide 
e l e c t r o l y t i c c e l l . The c o n c e n t r a t i o n of w a t e r in the g lovebox, i n i t i a l l y 
g r e a t e r than 100 ppm, w a s c o n t i n u a l l y r e d u c e d . Af te r e l e v e n d a y s , the 
c o n c e n t r a t i o n of w a t e r in the g lovebox w a s 20 ppm; a f t e r s i x t e e n d a y s , it 
w a s 13 ppm. The c o n c e n t r a t i o n of w a t e r in the g a s l eav ing the d r y e r w a s 
about 0.5 p p m for 27 d a y s and then r o s e to 2 ppm. At th i s t i m e , the c o n ­
c e n t r a t i o n of w a t e r in the g lovebox w a s 13 ppm. The d r y e r was then r e ­
g e n e r a t e d . Af te r r e g e n e r a t i o n of the d r y e r , a r e c i r c u l a t i o n t i m e of 12 h r 
w a s r e q u i r e d b e f o r e the w a t e r con ten t in the g lovebox was r e d u c e d to 
13 p p m and the c o n c e n t r a t i o n of w a t e r in the g a s l eav ing the d r y e r w a s r e ­
d u c e d to abou t 0.5 ppm. The w a t e r c o n c e n t r a t i o n s r e m a i n e d a t a p p r o x i ­
m a t e l y t h e s e v a l u e s for the r e m a i n d e r of the 5 5 - d a y t e s t . 

(2) Off -Gas F i l t e r Unit 

A f i l t e r unit h a s b e e n d e s i g n e d for u s e in a v a c u u m 
s y s t e m and w i l l be f a b r i c a t e d by a c o m m e r c i a l f i l t e r m a n u f a c t u r e r . The 

* P r o d u c t of the Linde A i r P r o d u c t s C o m p a n y . 



filter, made of radia t ion-res is tant components, will be suitable for use with 
the melt refining furnace, the skull oxidation equipment, and the skull oxide 
processing equipment. The filter unit will utilize glass filter media and 
will contain charcoal for trapping any fission product iodine which may be 
released during processing operations. The filter units will be attached to 
equipment vacuum lines by means of low-melting alloy seals . After r e ­
moval of a filter from a vacuum line, the filter will be capped to prevent 
spread of radioactive particulate mater ia l . 

3. Development of Process Equipment 

a. Skull Oxidation Equipment 
(W. E. Miller, M. A. Slawecki, H. Stethers) 

After the melt refining step is car r ied out, a skull remains 
in the zirconia crucible. The skull will be oxidized in order to convert it 
into a powder form for ease of removal of the mate r ia l from the crucible. 
Equipment for the skull oxidation step and for the t ransfer of the oxide 
powder is being developed. 

An oxygen feed-control system (see ANL-6596, p. 102) 
which is associated with the skull-oxidation furnace has been installed in 
the EBR-II mockup area at Argonne and tested in a prel iminary skull-
oxidation run. The oxygen feed-control system is being provided to regu­
late the rate of the oxidation of the skull in the furnace for the skull 
oxidation step. The gas-control system feeds oxygen to the furnace in 
such a manner that a nearly constant rate of oxidation is maintained. It 
is also suitable for oxidizing skulls which are nitrided. The use of the 
control system will overcome the difficulty of excessive oxidation rates 
which result in the production of undesirable sintered agglomerates of the 
oxides and cause fragmentation of the zirconia crucible. The control sys­
tem furnishes process control information and shuts off the supply of 
oxygen when the oxidation of the skull is complete. If desired, part ial oxi­
dation of the skull can be achieved by stopping the reaction at any given time. 

The operation of the oxygen feed-control system is best 
described by reference to the p re s su re - t ime plot shown in Figure 1-16. 
This plot is based on data obtained by means of the p ressure recorder for 
the skull oxidation furnace during the "normal run" portion of the overall 
skull oxidation cycle. This part of the cycle s ta r t s after the skull in the 
zirconia crucible has been heated to 700-750 C in an argon atmosphere. 
When the selector switch on the panelboard is set at the "normal run" posi­
tion, a valve opens in the gas discharge of the furnace and the p ressure in 
the furnace is reduced to P3. The reduction in pressure closes the valve in 
the gas discharge of the furnace and opens the oxygen feed valve. When the 
furnace p ressure r i ses to Pj, the oxygen feed valve closes. When the fur­
nace p ressure falls to P^ because of depletion of the oxygen, the gas-
discharge valve on the furnace opens and the furnace p ressure falls to P3. 



This cycle is repeated until the p ressure no longer drops from Pi to Pj , 
thereby indicating that the skull is essentially completely oxidized. While 
the oxygen feed valve is open, oxygen is being fed at a constant rate into 
the furnace. During this period, the p ressure in the furnace will r ise , 
remain constant, or fall (after the first cycle), depending on whether the 
oxygen feed rate is greater than, equal to, or less than the rate of oxidation 
at any part icular instant. In the run in which the data shown in Figure 1-16 
were obtained, the oxygen was fed at a rate equivalent to 1.4 g of uranium 
converted to U3O8 per minute assuming 100 percent utilization of oxygen. 

Figure I- 16 

PRESSURE CHANGE IN SKULL OXIDATION FURNACE DURING 
SKULL OXIDATION USING OXYGEN-CONTROL SYSTEM 
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The p ressure - t ime data given in Figure 1-16 allow the cal­
culation at any time during the run of: (l) the instantaneous oxidation rate, 
(2) the concentration of oxygen in the skull-oxidation furnace, (3) the total 
amount of oxygen consumed by the skull, and (4) the amount of oxygen dis­
charged from the furnace. After initiation of the oxidation reaction in the 
first cycle (see Figure 1-16), the minimum instantaneous oxidation rate 
during the following 7-hr period was 1.0 g/min. At the end of the 16th cycle, 
the oxidation reaction was essentially completed, and the rate of conversion 
of the skull to the oxide had decreased to 0.01 g/min. The maximum oxi­
dation rate, which occurred during the 14th cycle, was 1.5 g/min. The 
concentration of oxygen in argon at the end of the 16th cycle was calculated 
to be 77 m/o . About 70 percent of the oxygen fed to the furnace was utilized 
in the oxidation reaction. The skull was oxidized to a fine powder. 

b. Inductive Heating and Mixing 
(A. A. Chilenskas, M. A. Slawecki) 

The skull reclamation process requires the heating and 
mixing of molten metal-molten salt systems at temperatures up to about 
800 C. Because a high radiation field is associated with this process , it is 



necessary to ca r ry out the process steps remotely. Appreciable simplifi­
cation and greater reliability of plant equipment is anticipated if inductive 
mixing can be used instead of mechanical mixing. 

Pre l iminary work has demonstrated that vigorous mixing 
of molten metal charges can be obtained by 60-cycle power (see ANL-6596, 
pp. 104-105). The skull oxide reduction step of the skull reclamation proc­
ess was chosen to demonstrate the feasibility of inductive mixing. In this 
reduction step, skull oxide (mainly U3O8), magnesium, zinc, and salt flux 
are mixed for several hours at 800 C. The reduction of the uranium oxide 
to uranium and its dissolution in the metal phase are used as a measure of 
the effectiveness of the mixing. 

In several reduction runs, which have been described pre ­
viously (see ANL-6596, pp. 106 to 107; ANL-6648, pp. 178 to 182), the 
electrical power-supply system could not supply sufficient power for ade­
quate agitation. Consequently, the installation of a larger power supply 
system was undertaken. The installation of the new system, a 60-cycle 
power-supply system of about 37-kw capacity, has been completed. A 
schematic diagram of this po'wer supply system is shown on Figure 1-17. 
Prel iminary tests have been made with this power-supply system using 
both secondary taps (40- and 60-v) on the 100-kva t ransformer . In a test 
with the 40-V tap, the maximum power that could be t ransferred to the load 
was 11 kw. This test was not considered part icularly successful, since the 
saturable core reactor and the load were not properly matched for maxi­
mum reactor control and power transfer. In a test using the 60-v tap, 
which resulted in a better match between the saturable core reactor and 
the load, the maximum power delivered to the load was 20 kw. Higher 
levels of power to the load will be possible because of additional power fac­
tor corrections that are being provided by the capacitor bank in the power-
supply system (see Figure 1-17). 
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c. Collection of Metal Vapors 
(W. E. Miller) 

The product from the precipitation step of the skull recla­
mation process is uranium coated with magnesium-zinc. Distillation is a 
convenient means of removing the magnesium-zinc coating from the ura­
nium. Originally, it had been planned to distill off the magnesium-zinc in 
the melt refining furnace (see ANL-6648, p. IIO). However, because of the 
small size of the crucible that could be used in the melt refining furnace, 
a severe limitation was placed upon the quantity of magnesium-zinc-coated 
uranium that could be charged. To increase the uranium-magnesium-zinc 
capacity of the furnace for these distillations, a distillation heater, crucible, 
condenser, and collector a re to be designed as an integrated operating unit 
to replace the crucible coil and frame assembly of the melt refining fur­
nace. However, the baseplate and the bell jar enclosure of the melt r e ­
fining furnace will be utilized as a part of the new distillation unit. 

The development of a condenser and collector to collect 
the metal vapor distillate is continuing. A new condenser design, which 
was incorporated in the apparatus shown in Figure 1-18, was tested in a 
single run in which 1000 g of 50 w/o magnesium-zinc was charged to the 
crucible. The test run with the new condenser and collector gave encour­
aging resul ts as follows: 

Percent of Charge Distilled >99 

Magna slum-Zinc Distillate Balance 

Percent in collector 91-5 
Percent in condenser 3.0 
Percent in crucible cap 0.8 
Percent in insulator gasket 1.1 
Total percent contained within 

condenser assembly 96.4 
Percent in condenser insulator 1.3 
Percent unaccounted for 2.3 

After the run, the equipment components could be easily 
taken apart by lifting each component. The new condenser and collector de­
sign differs from the one previously tested (see ANL-6648, p. I l l ) in many 
features. The metal vapor condenser and collector a re insulated from the 
heat source. This eliminates the tendency of the condensate in the collector 
to reboil. An insulation-type gasket is used between the distillate collector 
and the crucible cap. This gasket consists of Fiberfrax felt sandwiched 
between two layers of graphite felt. Although graphite felt is not as good 
an insulator as Fiberfrax felt, the graphite felt does not react with the 
magnesium-zinc vapor, whereas Fiberfrax felt does. Thus, the graphite 
felt se rves to prevent bonding of the gasket to the collector and cap. 
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The new c o l l e c t o r a l s o d i f fe rs f rom the p r e v i o u s co l l ec to r 
t e s t e d (see ANL-6648 , p. I l l ) in that no e n c l o s u r e s u r r o u n d s the ou te r 
c i r c u m f e r e n c e of the c o l l e c t o r . In the p r e v i o u s c o n d e n s e r and c o l l e c t o r 
des ign , under c e r t a i n e x p e r i m e n t a l cond i t ions , s o m e of the m e t a l v a p o r 
condensed be tween the ou t s ide wa l l of the d i s t i l l a t e c o l l e c t o r and the ins ide 
wal l of the c o n d e n s e r . In t h e s e i n s t a n c e s , t h e r e was a t endency of the d i s ­
t i l l a te co l l ec to r to bond to the c o n d e n s e r . 

Since the r e s u l t s ob ta ined wi th the p r e s e n t a p p a r a t u s a r e 
encourag ing , w o r k wi l l be cont inued with it to c h e c k the c o n s i s t e n c y of the 
r e s u l t s and to i m p r o v e the p e r f o r m a n c e of the unit . 

C. C h e m i s t r y of Liquid Me ta l s 
(I. Johnson and H. M. F e d e r ) 

The c h e m i s t r y of l iquid m e t a l s y s t e m s is be ing i n v e s t i g a t e d to p r o ­
vide bas ic concep ts and data for the d e s i g n of m e t h o d s for the r e p r o c e s s i n g 
of n u c l e a r fuels as wel l as to p rov ide a b a s i s for the d e v e l o p m e n t of the 
technology of liquid a lka l i m e t a l s . The r e s u l t s of t h e s e s tud i e s a l s o p rov ide 
ideas and data for the fo rmula t ion and t e s t i n g of t h e o r i e s of l iquid m e t a l 
so lu t ions . 

1. Solubi l i t ies in Liquid M e t a l s 

Of p r i m e i m p o r t a n c e in the p r a c t i c a l d e s i g n s of fuel-
r e p r o c e s s i n g m e t h o d s a r e the so lub i l i t i e s of the m e t a l s whose s e p a r a t i o n s 
a r e being a t t e m p t e d . T h e s e so lub i l i t i e s need to be known a s a function of 
both t e m p e r a t u r e and so lvent c o m p o s i t i o n . Since the so lub i l i ty and t e m ­
p e r a t u r e coeff icient of so lub i l i ty of a m e t a l l i c phase in a l iquid m e t a l 
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solvent are dependent on the interatomic forces operative in the solution, 
systematic studies may lead to a greater insight into the nature of these 
forces and their variation with the basic properties of the solute and solvent 
atoms. For such fundamental applications, it is necessary to know the con­
stitution and the thermodynamic properties of the solid phase in equilibrium 
with the saturated liquid phase. 

Solubility of Barium in Liquid Zinc 
(I. Johnson, K. E. Anderson, and J. Bartos*) 

The solubility of barium in liquid zinc has been measured by 
analyzing filtered samples of the equilibrium liquid phase. Barium metal 
containing t racer quantities of 12-day barium-131 was used. The specific 
activity was determined by analyzing the most concentrated solutions by a 
flame photometric method. The data obtained in this study are shown on 
Figure 1-19, along with the ear l ier data reported by Knighton, Burr is , and 

Figure I- 19 
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Feder (Purification of Reactor Fuels Using Liquid Zinc, ANL-6223, p. 16) 
as well as the data reported by Kornilov.^ The resul ts of the present study 
agree with those reported by Knighton. An attempt to extend Knighton's 
data to lower temperatures was not entirely successful for reasons given 
later. The resul ts of both studies from this Laboratory, however, a re in 
marked disagreement with Kornilov's data, which we suggest a re gross ly 
in e r ro r . It is obvious that the low solubilities indicated for this system 
make the thermal analysis method used by Kornilov totally unsuitable. 

The tailing off of the observed data below about 560 C has sev­
era l probable causes. F i rs t , since the data obtained on approaching the 
sampling temperature from above are significantly higher than the data 
obtained by approaching from below, this suggests that either supersa tura-
tion occurs or that some of the fine crys ta ls , which are formed when minute 
amounts of intermetallic precipitate, pass through the filters into the sam­
ple. Although both of these factors could occur together, it is thought that 
supersaturation may be more important in the present case . The tailing 
off could also result from a constant bias in the analytical method. Thus, 
a constant e r ror , equivalent to about 10 ppm of barium, would almost com­
pletely remove the curvature at low concentrations, while not significantly 
affecting the high values. The constant bias could be the resul t of a small 
amount of a soluble radioactive impurity in the i rradiated barium. Al­
though a gamma scan of the i rradiated mate r ia l showed no significant amount 
of radioactive impurity, a small amount of impurity could have concentrated 
in the liquid phase. Although the tailing off is not unusual, the data below 
560 C, in view of the uncertainties, a re not considered to be equilibrium 
solubilities. The equation of a straight line, fit to the combined data be­
tween 560 and 710 C, is 

log (w/o barium) = 10.464 - 10640 T"' 

The experimental data deviate from this equation by ±16 percent. The 
highest temperature point (797 C) used by Knighton deviates from the line 
by about 17 C; this difference could possibly be caused by the location of 
the thermocouple, in the wall of the graphite crucible between the heating 
coils and the melt, in Knighton's experiments . The possibility that a second 
intermetallic phase is the equilibrium phase at this higher temperature 
should also not be overlooked. 

The intermetallic phase was not isolated from the solubility 
ingot. The most zinc-rich intermetall ic phase known is BaZn^j, which is 
assumed to be the equilibrium phase in the present case. 

3 
Kornilov, I. I. (1935), reported by M. Hansen and K. Anderko, 
Constitution of Binary Alloys, McGraw-Hill Book Co., Inc., New York 
(1958), p. 277. 



Solubi l i ty of N e o d y m i u m in Liquid Zinc 
(I. J o h n s o n and K. E. A n d e r s o n ) 

The so lub i l i ty of n e o d y m i u m in l iquid z inc has been m e a s u r e d 
by a n a l y z i n g f i l t e r e d s a m p l e s of the e q u i l i b r i u m l iquid p h a s e . T a n t a l u m 
s a m p l i n g t ubes fi t ted wi th p o r o u s t a n t a l u m f i l t e r s w e r e u sed . The s a m p l e s 
con ta in ing m o r e than about 0.1 w / o n e o d y m i u m w e r e a n a l y z e d by a v o l u ­
m e t r i c EDTA m e t h o d , w h e r e a s t hose be low 0.1 w / o w e r e a n a l y z e d by a 
r a d i o c h e m i c a l m e t h o d . The r a d i o c h e m i c a l m e t h o d involved the u s e of 
11 .3 -day Nd p r e p a r e d by n e u t r o n i r r a d i a t i o n of n e o d y m i u m m e t a l . The 
spec i f ic a c t i v i t y w a s d e t e r m i n e d by c h e m i c a l a n a l y s i s (EDTA) of s a m p l e s 
con ta in ing about 0.5 w / o n e o d y m i u m . 

The da ta obta ined in t h r e e e x p e r i m e n t s , which t o g e t h e r c o v e r e d 
the t e m p e r a t u r e r a n g e f r o m 426 to 753 C, a r e shown on F i g u r e 1-20. Sepa ­
r a t e l i ne s have b e e n d r a w n th rough the da ta points above and below about 
660 C to s u g g e s t that d i f fe ren t e q u i l i b r i u m sol id p h a s e s a r e involved. The 

Figure 1-20 
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solubility data, in the present system, do not permit an accurate d e t e r m i ­
nation of the peritectic tempera ture between the two equilibrium phases. 
The data may be represented by the equations: 

(700-753 C) log (w/o Nd) = 22.843 - 39.810 — + 17.152 — ; 

(525-700 C) log (w/o Nd) = 10.227 - 12.310 ~- -H 2.340 ^ 

These two equations intersect at 700 C. The 668 C datum point (~0.8 w/o) 
may represent the solubility of the high- temperature phase in the temper­
ature region where it is not the most stable phase. 

The intermetallic compound present in the ingot formed by slow 
cooling from 658 C was isolated by preferential dissolution of the zinc 
matrix. X-ray diffraction analysis indicated a pattern similar to that found 
for the epsilon zinc-r ich uranium-zinc intermetall ic (UZn^jj). Veleckis 
(see ANL-6648, p. 120) reported this same phase in neodymium-zinc sam­
ples prepared by controlled evaporation of zinc from an alloy that had been 
made by reacting neodymium and zinc above the melting point (1024 C) of 
neodymium. On the other hand, alloys prepared from neodymium and zinc 
which "were not heated above 500 C showed only the tetragonal NdZn^ phase. 
Thus, at some temperature between about 700 C and 500 C, the equilibrium 
phase should change from the epsilon NdZn^^j^ phase to the tetragonal 
NdZnji phase. The transformation must be very sluggish, since NdZnn 
was not detected in the solubility ingot and was not found in alloys p re ­
pared at high temperatures even though annealed for 14 days at 500 C. The 
scatter of the solubility data below 550 C is sufficient to mask a small 
change in slope of the solubility line. 

The equilibrium phase above 700 C was not isolated. In view 
of the phase studies referred to above, it is probable that the NdZng.s phase 
is the equilibrium phase at the higher t empera tures . If this is found to be 
true, then the neodymium-zinc system is very similar to the uranium-
zinc system. 

2. Liquid Sodium Coolant Chemistry 

The utilization of liquid alkali metals as heat transfer media 
in high-power-density fast nuclear reac tors as well as in other power 
sources makes essential a continuing advancement in alkali metal tech­
nology. To insure a sound technological advance, a comprehensive funda­
mental research program is needed. A program of basic studies has been 
started to elucidate the chemistry of reactions which occur in liquid alkali 
metal solutions; special emphasis will be given to liquid sodium since its 
practical importance is greatest . 



Definition of problem areas has been undertaken, and construc­
tion of suitable experimental facilities for the studies has been started. The 
first chemical reaction to be studied involves the carburization and decar-
burization of ferrous alloys in liquid sodium. The first step will involve a 
study of the carbon-sodium-oxygen system. The experimental part of this 
problem will involve the preparation of high-purity sodium, the equilibra­
tion with carbon under controlled conditions, and the analysis of the liquid 
sodium phase. Experimental apparatus has been designed and construction 
is underway. 

3. Thermodynamic Studies 

Thermodynamic functions for key elements in liquid metal sol­
vents and for the more important solid intermetall ic phases a re being 
measured. Several methods a re being used. Galvanic cells have proved to 
be especially useful for the measurement of activities in liquid metal solu­
tions as well as for the determination of the free energy of formation of the 
equilibrium solid phase in solid-liquid two-phase alloys. For systems com­
posed of severa l well-defined intermetall ic phases, measurement of the 
decomposition p re s su re by the effusion method is proving to be very useful. 
Systems in which only a small difference in the electrochemical potential of 
the components exists and in which both components have comparable vapor 
p ressu res a re not conveniently studied by either the galvanic cell or effu­
sion method. For such systems, a vapor-phase optical-absorption method 
is being developed. In this method, the optical absorptivity of the equilib­
r ium vapor phase for the strongest atomic spectral line will be related to 
the part ia l p ressure , from which activities are readily computed. 

The galvanic cell method is being used to study systematically 
binary plutonium alloys with the low-melting B-subgroup metals . The r e ­
sults for the plutonium-zinc system a re presented below. The effusion 
method is being used to study the light r a r e earth-zinc and light r a re earth 
metal-cadmium systems. The resul ts for the yttr ium-zinc system are 
presented below. The optical method is under development and will be used 
to study the binary alkali metal sys tems. 

Thermodynamics of the Plutonium-Zinc System 
(l. Johnson, M. G. Chasanov and R. Yonco) 

The thermodynamic quantities for the plutonium-zinc system 
are being determined by emf measurennents made with the galvanic cell 

Pu I PuClj-KCl-LiCl (eutectic) | Pu-Zn (2-phase alloy) 

The cell reaction consists of the dissolution of plutonium into the fused 
salt at the pure plutonium electrode and the deposition of plutonium into 
the saturated liquid zinc-plutonium phase at the alloy electrode. Since 



the equilibrium solid phase in the two-phase alloy is reported'^ to be the 
plutonium-zinc intermetallic compound Pu2Zni7, the overall cell reaction is 

Pu -I- 8.5 Zn (liq, satd) - 1/2 Pu2Zni7(s) 

The cell assembly used for these studies is shown in Figure 1-21. 
The stainless steel furnace tube was heated by means of a c lam-shel l fur­

nace around the tube. The apparatus 
Figure 1-21 
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was operated in a glovebox. The 
details of the preparation of the 
KCl-LiCl eutectic and general op­
eration of the cell were similar to 
that previously reported for the 
uranium systems. Two types of 
plutonium electrodes were used. In 
Cell I the plutonium (high purity, 
prepared by electrorefining, and 
furnished by M. B. Brodsky and 
G. B. O'Keeffe of the Metallurgy 
Division of Argonne National Labo­
ratory) was contained in a small 
thoria crucible. A tungsten lead wire 
was used. In Cell II a small cylinder 
of plutonium was welded to a tungsten 
lead wire. The alloy electrodes were 
prepared by premelting an 8 w/o 
plutonium-zinc mixture in a thoria 
crucible. Tungsten leads were also 
used for the alloy electrodes, thus 
avoiding thermal emf's. 

The plutonium chloride, pre­
pared by the method reported by 

,^0 ^r^/^ Biorklund et a l . , ° was melted, 
108-6520 •' , rrr-r;', , , ,. j 

sparged with HCl and helium, and 
filtered before being added to the purified eutectic mixture. X-ray exami­
nation of the purified PUCI3 showed no contamination by PuOCl or SiO^. 
The electrolyte contained 3 w/o PuClj in Cell I and 0.3 w/o PUCI3 in 
Cell II. 

COPPER BLOCK 

EUTECTIC MELT 

THORIA CRUCIBLE 

^Cramer, E. M., EUinger, F. H., and Lord, C. C , Extractive Metal-
lurgy of Plutonium and Its Alloys, Interscience Publishers, New York 
(1960) p. 169. 

^Johnson, I., and Feder, H. M., Trans. Met. Soc. AIME 224, 468 (1962). 

^Bjorklund, C. W., Reavis, J. G., Leary, J. A., and Walsh, K. A., 
J. Phys. Chem. 63, 1774 (1959). 



CELL I 
CELL H 

F i g u r e 1-22 The da ta for the emf a s a 

E M F O F GALVANIC C E L L function of t e m p e r a t u r e of the c e l l s 
. a r e shown in F i g u r e 1-22. The emf 

Pu|PuCl3,KCl-LiCl{eutectic)tPu-Zn(2-phase alloy) ^ j ^^^ t e m p e r a t u r e w a s c o n s t a n t 

( ± 0 . 1 mv) for a t l e a s t 15 min . The 
s a m e emf v a l u e s w e r e o b s e r v e d a f t e r 
the c o n c e n t r a t i o n ef fec ts , which w e r e 
c a u s e d by p o l a r i z i n g the ce l l by 
p a s s a g e of a c u r r e n t f i r s t in one 
d i r e c t i o n and then in the oppos i t e 
d i r e c t i o n , had b e e n a l lowed to d i s ­
a p p e a r . S t i r r i n g the two-phase a l loy 
wi th the t u n g s t e n lead w i r e did not 
s ign i f i can t ly affect the emf. The 
s a m e e m f ' s w e r e ob ta ined wi th c e l l s 
con ta in ing 3 and 0.3 w / o PUCI3 in the 
e l e c t r o l y t e . Al l of the da ta w e r e o b ­
ta ined wi th in a 4 - d a y p e r i o d . Only 
one m e a s u r e m e n t was ob ta ined on 
Ce l l I a f t e r the p lu ton ium w a s m e l t e d . 

Succeed ing a t t e m p t s to m e a s ­
u r e e m f ' s at t e m p e r a t u r e s at which 
the p lu ton ium w a s l iquid ind ica ted 
tha t the e m f ' s w e r e v e r y e r r a t i c . 
Some i r r e v e r s i b l e change o c c u r r e d 
a t the l iquid p lu ton ium e l e c t r o d e s 

which is not u n d e r s t o o d . Data obta ined a t t h e s e h ighe r t e m p e r a t u r e s have 
not b e e n u s e d for the c o m p u t a t i o n of t h e r m o d y n a m i c quan t i t i e s b e c a u s e of 
q u e s t i o n s c o n c e r n i n g the r e v e r s i b i l i t y of the e l e c t r o d e r e a c t i o n . 

The emf, over the r a n g e f r o m 420 to 670 C, m a y be r e p r e s e n t e d 
by the q u a d r a t i c equat ion 

E(v) = 0.9591 - 0.3664 X 10"^ T - 0.1684 x 1 0 " ' T^ 

400 
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with a s t a n d a r d dev i a t i on of 0.6 m v . If a t h r e e - e l e c t r o n change is a s s u m e d 
for the c e l l r e a c t i o n , the f ree e n e r g y of f o r m a t i o n of Pu^Zuiy f r o m p u r e 
p lu ton ium and l iquid z inc ( s a t u r a t e d wi th p lu ton ium) is g iven by 

AGf° ( k c a l / g - a t o m Pu) = -66 .36 + 25.35 x 10"^ T -I- 11.66 x lO'^T^ . 

The so lub i l i t y of p lu ton ium in l iquid z inc ( see ANL-57B9, p- 89) does not 
e x c e e d 0.4 a / o ove r the t e m p e r a t u r e r a n g e of t h e s e m e a s u r e m e n t s and, 
c o n s e q u e n t l y , the c o r r e c t i o n to the f r ee e n e r g y of f o r m a t i o n for the d e v i a ­
t ion of the z inc ac t i v i t y f rom uni ty is not s igni f icant . 



The activity of plutonium in saturated zinc solutions over the 
temperature range from 420 to 670 C is given by the equation 

log apu = 5.541 + 2.547 x 10"^ T - 14.50 x 10̂  T"' 

Thermodynamic functions for the plutonium-zinc system at 
450 C are given in Table 1-5. 

Table 1-5 

THERMODYNAMIC FUNCTIONS FOR THE 
PLUTONIUM-ZINC SYSTEM AT 450 C 

1/2 Pu2Zni7 Saturated Zinc Solution 

AGf° = -42.0 kcal/g-atom Pu Gp^ = -28 kcal /g-atom Pu 

AHf° = -72.5 kcal /g-atom Pu Lp^ = -46 kcal /g-atom Pu 

ASf° = -42.2 cal/deg g-atom Pu "sl,^ = -25 ca l /g-a tom Pu 

Zinc - Yttrium System (Effusion Studies) 
( E . Veleckis and E. VanDeventer) 

The yttrium-zinc phase diagram has been recently constructed 
by Chiotti et al. ' on the basis of thermal and metallographic evidence. Ac­
cording to that study, seven intermediate phases exist in the system: YZn, 
YZn2, YZn3, YZn4, YZn;, Y2Zni7, and YZn^. Of these phases, YZn, YZn2 
and YjZuiy were found to melt congruently, whereas the remaining phases 
are believed to undergo peritectic react ions. 

The similarity of yttrium to the r a r e earth metals prompted us 
to include the system yttrium-zinc in the current study of the phase re la­
tionships in the systems of zinc with the light r a r e earths employing the 
recording effusion balance. 

The starting alloy (of approximate composition YZnjs) was pre­
pared by reacting the pure components in a rocking furnace at 650 C in an 
inert atmosphere. The effusion isotherm obtained at 540 C (Figure 1-23) 
gave indications of the following intermetall ic phases: YZni2, Y2Zni7, YZns, 
Y2Zn9, YZn3, and YXn^- Because of the unfavorable evaporation ra tes be­
low 66.6 a/o Zn, the experiment was terminated before YZn could be 
identified. 

•7 

P. Chiotti, J. T. Mason, and K. J. Gill, to be published, Trans AIME. 
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Figure 1-23 
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Ten effusion experiments were terminated at preselected in­
termediate compositions. The resul ts of X-ray powder diffraction analysis 
of the residual alloys, shown in Table 1-6, give good agreement between 
the effusion and X-ray data. 

Table 1-6 

YTTRIUM-ZINC SYSTEM, 

RESULTS OF X-RAY ANALYSIS' 

Sample No. 

G-55 
1-i 
J-8 
J-3 
J-7 

Composition, 
Zn/Y 

IS.O 

11.9 
10.1 
8.6 
6.0 

Results 

/fi tin 
A 
A t B^ 
B 
B t C 

Sample No, 

J-11 
J-6 
l-l 
J-10 
J-2 

Composition, 
Zn/Y 

5,0 
4.4 
3,1 
2,5 
2,0 

Results 

C 
Dii.e 

El 
p d . E 
F 

^Analysis performed by R. Schablaske and B. Tani, 

' 'Patterns can be indexed on the basis of the tetragonal ThMni2 type, wjtf i a ^ 8.879 A ; 

^Probably U z Z n n type, with a = 8.969 A ; c • 8.761 A. 

' 'symbols C, D, E, and F correspond to very complex diffraction patterns believed to 
represent single phases. 

^Patterns bear resemblance to thiose found in the rare earth-cadmium systems at 
composition Cd/ rare earth = 4.5. 



F r o m the c o m p a r i s o n of the effusion and X - r a y da t a wi th 
C h i o t t i ' s p h a s e d i a g r a m , ' the following c o n c l u s i o n s m a y be d r a w n : ( l ) the 
r e s u l t s of th i s s tudy c o n f i r m the e x i s t e n c e of p h a s e s Y2Zni7, YZns, YZn3, 
and YZn2; (2) the r e s u l t s s t r o n g l y s u g g e s t tha t the m o s t z i n c - r i c h c o m ­
pound in the s y s t e m c o r r e s p o n d s to YZni2 r a t h e r than Y Z n u . 

Z i n c - V a n a d i u m S y s t e m 
(R. Schab la ske , B. Tani , M. H o m a , R. L a r s e n ) * 

X - r a y d i f f rac t ion powder p h o t o g r a p h s of V4Zn5 can be indexed 
on the b a s i s of a b o d y - c e n t e r e d t e t r a g o n a l ce l l . At f i r s t i n s p e c t i o n the 
l a t t i ce p a r a m e t e r s a p p e a r to be ag = 2.970 A and CQ = 3.227 A. T h e s e 
p a r a m e t e r s , the o b s e r v e d dens i ty , and the ind ica ted s t o i c h i o m e t r y a r e not 
compa t ib l e , however , with any s e e m i n g l y p l a u s i b l e n u m b e r of a t o m s in the 
unit ce l l . A few v e r y l o w - i n t e n s i t y d i f f rac t ion a r c s tha t a r e b a r e l y d i s ­
c e r n i b l e , or d i s c e r n i b l e only in p r e f e r e n t i a l l y o r i e n t e d m a t e r i a l , w e r e 
d i s r e g a r d e d in the in i t i a l indexing. Inc lus ion of t h e s e r e f l e c t i o n s in the 
indexing ind ica te s a need for a l a r g e r unit ce l l . Al l the o b s e r v e d p o w d e r -
diff ract ion a r c s can be indexed on the b a s i s of a unit c e l l whose l a t t i c e 
d i m e n s i o n s a r e ao = 8.910 (3 x 2.970) A and CQ = 3.227 A. 

To s u b s t a n t i a t e the cho ice of the l a r g e r unit c e l l , a n e u t r o n dif­
f rac t ion p a t t e r n of the a l loy was m a d e by R. L. H i t t e r m a n a n d M. H. M u e l l e r 
of the ANL M e t a l l u r g y Divis ion . Both the X - r a y d i f f rac t ion p a t t e r n and 
the neu t ron di f f ract ion p a t t e r n a r e r e c o r d e d in F i g u r e 1-24. 

It should be noted that the p r o m i n e n t r e f l e c t i o n s in the X - r a y 
p a t t e r n can be indexed with e i t h e r se t of l a t t i c e p a r a m e t e r s . Re f l ec t ions 
in the X - r a y p a t t e r n that a r e not d i s c e r n i b l e , or a t b e s t b a r e l y d i s c e r n i b l e , 
a r e quite p r o m i n e n t in the n e u t r o n d i f f rac t ion p a t t e r n , e .g . , 110, 200, 220, 
211, 411, and 510. Thus , the n e u t r o n d i f f rac t ion p a t t e r n p r o v i d e s the n e c ­
e s s a r y evidence^for the choice of the l a r g e r c e l l p a r a m e t e r s : ao = 8.910 A 
and Co = 3.227 A. 

• M e m b e r s of the X - r a y Dif f rac t ion and S p e c t r o s c o p y Group . 
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II. FUEL CYCLE APPLICATIONS OF VOLATILITY AND 
FLUIDIZATION TECHNIQUES* 

The development of a Direct Fluorination Volatility P rocess for the 
recovery of uranium and plutonium from irradiated nuclear reactor fuels 
was continued. In this process , uranium and plutonium dioxides are fluo­
rinated to produce hexafluoride products, which are then decontaminated by 
volatility techniques. 

In the development of the Direct Fluorination process , current em­
phasis has been placed on the evaluation of a two-zone process technique as 
a means of avoiding caking tendencies. In this scheme, a mixture of oxygen 
and nitrogen is introduced into the lower reaction zone formed by a uranium 
dioxide pellet bed, and fluorine is introduced into the upper zone, which con­
sists of a fluidized bed of alumina grain. The alumina, which also fills the 
voids of the pellet bed, is fluidized by the mixture of oxygen and nitrogen. 
This mixture is introduced into the system at the bottom of the pellet zone, 
while fluorine is introduced at the top of the pellet zone. Uranium oxide 
fines (U3O8) are formed in the lower zone and transported into the upper 
zone where they are removed by fluorination. 

Additional studies on a fluidization-volatility scheme for r ep rocess ­
ing enriched uranium-zirconium alloy fuels were car r ied out. This p roc­
essing scheme involves, first , a direct hydrochlorination (or chlorination) 
reaction while the alloy is submerged in an inert fluid-bed medium (cur­
rently Norton Type RR Alundum). This step produces volatile zirconium 
tetrachloride and permits ready separation of the uranium from the bulk of 
the alloying mater ia l . The uranium is recovered as the volatile hexafluo­
ride by means of a subsequent fluorination step. 

Studies were continued on a fluid-bed pyrohydrolysis reaction of 
zirconium tetrachloride with steam. The te t rachlor ide, which is produced 
during the chlorination of uranium-zirconium alloy fuels, is converted to 
the solid dioxide, a form which is more convenient for ultimate waste 
disposal. 

Additional studies were made of the conversion of uranium hexa­
fluoride to high-density uranium dioxide by the simultaneous reaction of 
the hexafluoride with steam and hydrogen. 

Studies were made to determine the possibility of "decladding" 
stainless steel-clad uranium dioxide pellets by converting the uranium 
dioxide to uranosic oxide. In this reaction, the uranium dioxide pellets 
are transformed to a fine powder that is removed from the cladding. 

*A summary of this section is given on pages 15 to 22. 
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The study of the decomposition of plutonium hexafluoride by alpha 
radiation was continued. 

The reactions of uranium hexafluoride with hydrogen sulfide and 
carbon disulfide and the reaction of plutonium hexafluoride with carbon 
disulfide have been studied. 

A. Laboratory Investigations of Fluoride Volatility P rocesses 
(J. Fischer) 

1. Fluid-bed Fluorination of Plutonium-Uranium Dioxide 
(G. Manevy,* R. L. J a r ry , A. V. Hariharan,** J. Riha, and 
J. Stockbar) 

Laboratory development work has been s tar ted in which fluori­
nations will be car r ied out in a fluidized bed. A 1-r-in.-diameter fluid-bed 
fluorination reactor will be employed in these experiments . Initially, all 
experiments will be made with uranium dioxide. The procedure will con­
sist of oxidizing the uranium dioxide to convert it to powdered uranosic 
oxide. The powder will then be fed into the fluidized bed of the fluorination 
reactor , either by gas t ransport or by a mechanical feeding device. Based 
on the resul ts obtained in this work, a two-zone oxidation-fluorination r eac ­
tor may be designed for studies of the overall p rocess . Experiments with 
mater ia l s containing plutonium will begin after the apparatus has been 
tested and the experimental conditions have been defined. 

2. Oxidative Decladding of Stainless Steel-clad Uranium Dioxide 
Pel lets 
(A. V. Hariharan, R. L. Jarry) 

Oxidation and simultaneous "decladding"''' of uranium dioxide 
pellets is being considered as a head-end step preceding fluid-bed fluori­
nation of the uranosic oxide (U3O5) to uranium hexafluoride in the Direct 
Fluorination Volatility P r o c e s s . Experiments are being car r ied out to 
determine the extent of oxidation and decladding of uranium dioxide pellets 
clad in type 304 stainless steel and in Zircaloy. Oxidation of uranium 
dioxide-plutonium dioxide solid solution, which may resul t in a breakdown 
of the oxide lattice, has been shown by resul ts previously obtained (see 
ANL-6648, p. 125) to render the plutonium more vulnerable to fluorination. 

*Appointee from Atomic Energy Commission, France . 

**Affiliate, International Institute of Nuclear Engineering. 

^This is not decladding as the te rm is normally used. The uranium 
dioxide, on being oxidized to uranosic oxide, increases in volume and 
is also t ransformed into a very fine powder which separates from 
the metall ic cladding. 



P r e l i m i n a r y e x p e r i m e n t s w e r e c a r r i e d o u t t o d e t e r m i n e t h e 

r a t e a n d e x t e n t of o x i d a t i o n of u r a n i u m d i o x i d e p o w d e r a t d i f f e r e n t t e m p e r ­

a t u r e s i n a f l o w i n g s t r e a m of a i r . T h e r e a c t i o n s w e r e c a r r i e d o u t i n a 

c o n v e n t i o n a l , h o r i z o n t a l t u b e r e a c t o r . T h e u r a n i u m d i o x i d e p o w d e r u s e d 

w a s p r e p a r e d b y t h e f l u i d - b e d r e d u c t i o n of u r a n i u m h e x a f l u o r i d e a n d c o n ­

s i s t e d of s m a l l s p h e r i c a l p a r t i c l e s . T h e e x t e n t of o x i d a t i o n w a s d e t e r m i n e d 

b y t h e w e i g h t c h a n g e of t h e u r a n i u m d i o x i d e w i t h t i m e . ' W i t h i n t h e t e m p e r ­

a t u r e r a n g e f r o m 3 0 0 t o 5 0 0 C, 95 p e r c e n t c o n v e r s i o n of u r a n i u m d i o x i d e 

t o u r a n o s i c o x i d e w a s o b t a i n e d i n o n e h o u r . T h i s e x t e n t of c o n v e r s i o n w a s 

n o t i n c r e a s e d w i t h a n i n c r e a s e in r e a c t i o n t i m e t o 2 o r 3 h r . T h e u r a n o s i c 

o x i d e p r o d u c t w a s u n i f o r m l y b l a c k i n c o l o r a n d f luf fy in p h y s i c a l a p p e a r a n c e . 

E x p e r i m e n t s w i t h u r a n i u m d i o x i d e p e l l e t s i n s e r t e d i n t o o p e n -

e n d s t a i n l e s s s t e e l t u b i n g t o s i m u l a t e c h o p p e d s t a i n l e s s s t e e l - c l a d f u e l e l e ­

m e n t s h a v e b e e n s t a r t e d . U r a n i u m d i o x i d e p e l l e t s ( 0 . 4 2 3 i n . i n d i a m e t e r 

a n d — i n . l o n g ) w e r e i n s e r t e d i n t o - j - i n . l e n g t h s of t y p e 3 0 4 s t a i n l e s s s t e e l 

t u b i n g (of 0 . 4 6 5 5 - i n . O D a n d 0 . 4 2 7 5 - i n . I D ) . O x i d a t i o n s w e r e c a r r i e d o u t 

i n a h o r i z o n t a l t u b e f u r n a c e w h i c h h a d c o n n e c t i o n s t o n i t r o g e n , a i r , 

a n d o x y g e n s u p p l i e s . 

In a t y p i c a l e x p e r i m e n t , f o u r of t h e s e s t a i n l e s s s t e e l s e c t i o n s 
( e a c h c o n t a i n i n g a b o u t 10 g of u r a n i u m d i o x i d e ) w e r e l a i d o n t h e i r s i d e s i n 
a s h a l l o w n i c k e l b o a t a n d c h a r g e d i n t o t h e f u r n a c e . E i t h e r a i r o r o x y g e n 
w a s u s e d a s t h e o x i d i z i n g g a s a t t e m p e r a t u r e s of 4 5 0 a n d 5 5 0 C . A t t h e 
e n d of o n e - h o u r i n t e r v a l s , t h e b o a t a n d i t s c o n t e n t s w e r e w e i g h e d t o d e t e r ­
m i n e t h e e x t e n t of o x i d a t i o n a n d , a f t e r t h e l o o s e p o w d e r w a s r e m o v e d , e a c h 
p e l l e t - s t a i n l e s s s t e e l t u b i n g u n i t w a s i n d i v i d u a l l y w e i g h e d t o d e t e r m i n e t h e 
e x t e n t of r e m o v a l of t h e o x i d i z e d m a t e r i a l f r o m t h e c l a d d i n g . R e s u l t s a r e 
g i v e n in T a b l e I I - 1 . 

T a b l e I I - 1 

OXIDATION OF URANIUM DIOXIDE P E L L E T S CONTAINED 
IN STAINLESS S T E E L TUBING 

'Weight of UO2 in a 
s ingle e x p e r i m e n t : 40 g (4 p e l l e t s , e a c h s e p a r a t e l y 

c lad in an open -end , - r - i n . length 
of type 304 s t a i n l e s s s t e e l tubing, 
j - i n . OD, 0 . 0 6 5 - i n . - t h i c k wa l l ) . 

Oxidizing Gas Flow Ra te : 2 l i t e r s / m i n 

P e r c e n t Remova l 
P e r c e n t C o n v e r s i o n to UjOg of Oxidized 

T e m p Oxidizing M a t e r i a l f rom 
(C) Gas 1 hour 2 hou r 3 hour 4 hour Tubing 

450 Air 44.1 79.6 100.0 lOO.O 68.8 
450 Oxygen lOO.O - - - 38.7 
550 Air 49.8 85.1 100.0 - 50.8 
550 Oxygen 96.8 lOO.O - - 31.4 



The oxidized mater ia l was a loose, black powder. No swelling 
or distortion of the cladding was observed when air was used as the oxidiz­
ing gas. The mate r ia l remaining in the cladding at the end of the reaction 
could be easily removed by shaking or tapping the tube. However, when 
oxygen was used as the oxidizing gas, slight swelling of the cladding tube 
occurred and caking of the oxidized mater ia l was observed. In addition, the 
mater ia l remaining in the cladding at the end of the oxidation period was 
more adherent than the mater ia l remaining after experiments in which air 
was used. This grea ter adherence contributed to the lower removal of the 
oxidized mate r ia l in the experiments in which oxygen was used. 

Future work will be concerned with oxidative decladding of 
uranium dioxide pellets placed in stainless steel and Zircaloy tubes having 
a se r i es of holes punched along their long dimension. This procedure, 
which was developed by Atomics International,! is expected to result in 
rupture of the tubing, allowing greater access of the oxidizing gas to the 
uranium dioxide pellet. Experiments will also be performed to ca r ry out 
simultaneous oxidation and decladding in a fluidized bed of alumina. This 
smal l -sca le work is being car r ied out in conjunction with the work of the 
engineering group. 

3. Chlorination of Uranium Dioxide 
(H. A. Porte) 

An understanding of the reaction of chlorine with uranium di­
oxide is important if chlorine is to be considered for use in the decladding 
of s tainless s teel-clad uranium dioxide fuels. Holmes and Raue (see 
Chemical Engineering Division Summary for April, May, June, 1961, 
ANL-6379, pp. 175 to 177) have reported that the chlorination of uranium 
dioxide at 650 C produced as the main product UO2CI2, which is a liquid 
at the tempera ture of the reaction. The objective of the study reported 
here was to investigate the extent of this reaction under anhydrous ex­
perimental conditions. 

The experimental procedure for the f irs t experiment "was as 
follows: A uranium dioxide pellet (manufactured by Numec Corp.), 
-J- in. in diameter and — in. long, was placed in a fused silica boat and 
evacuated overnight (to a p re s su re < 1/j) in a quartz reaction tube. The 
system was heated to 650 C while under vacuum. Then chlorine which 
had been dried by passing it through a Linde Molecular Sieve No. A'W 500 
was flowed over the uranium dioxide pellet for 3 hr . During this t ime, 
the uranium dioxide reacted with the chlorine to form a brown liquid. 
The contents of the reaction tube were cooled in a s t ream of helium, and 
the liquid solidified to a shiny, yellow crystall ine mate r ia l . 

^Guon, J.,_et al . . Low Decontamination Reprocessing Studies on I r ­
radiated Uranium Dioxide Reactor Fuels, NAA-SR-7136 (Dec 15, 1961). 



The reactor was evacuated at room temperature and then 
t ransfer red to a dry box where samples of the yellow solid were taken for 
X-ray diffraction and chemical analyses. X-ray analysis identified the 
substance as UO2CI2; the resul ts of chemical analysis were : U, 71.5 pe r ­
cent; Cl, 22.2 percent (UO2CI2 theoretical: U, 69.8 percent, Cl, 20.8 pe r ­
cent). The contents of the reaction tube were weighed and, on the basis 
that the only product formed was UO2CI2, it was calculated that 48 percent 
of the uranium dioxide had been converted to UO2CI2. 

A second experiment was conducted at 600 C with a mixture of 
50 v/o chlorine and 50 v/o nitrogen as the reacting gas . Under these con­
ditions, considerably less reaction took place, as is indicated by the fact 
that only two percent of the UO2 'was converted to UO2CI2. The dilution of 
the chlorine either slowed up the reaction rate or decreased the surface 
temperature. 

The fact that UO2CI2 is formed is in itself not detrimental to 
the decladding step or to a further fluorination step. However, since the 
UO2CI2 is a liquid at the temperature (600-650 C) at which the stainless 
steel is reacted with chlorine, it may interfere with the proper operation 
of a fluidized bed during the decladding procedure. 

This concludes the work with chlorine on a laboratory scale. 

4. Investigations of Reactions of Uranium Hexafluoride and 
Plutonium Hexafluoride 

There is need for information on the chemical reactions in 
which plutonium and uranium hexafluorides act as fluorinating agents. In 
particular, a study of the reactions of these mate r ia l s with hydrogen sul­
fide and carbon disulfide is interesting since differences in the fluorinating 
behavior of the two hexafluorides can be studied through the determination 
and identification of the several reaction products. 

a. Reaction of Uranium Hexafluoride with Carbon Disulfide 
( L . Trevorrow, 'W. Gunther) 

Ruff and Heinzelmann^ reported that uranium hexafluoride 
reacted slowly with dry carbon disulfide and rapidly with wet carbon disul­
fide. They stated that the products of the reaction were uranium tetrafluo­
ride and a gas which was identical to that produced by the reaction of 
uranium hexafluoride with elemental sulfur. Although this product was not 
identified, the melting and boiling points indicate that it probably was sulfur 

2Ruff, O., and Heinzelmann, A., Z. Anorg. Chem. 72̂ , 63-84 (1911). 



tetrafluoride. The reaction between uranium hexafluoride and carbon 
disulfide has been investigated in more detail in our laboratory recently, 
and the observations are reported below. 

An experiment was car r ied out in glass equipment to allow 
visual observation of the reaction. Uranium hexafluoride and carbon di­
sulfide, which had been previously dried over phosphorus pentoxide, were 
mixed in the gas phase at room temperature . Both gases were initially at 
a par t ia l p re s su re of about 100 mm in glass bulbs. The uranium hexa­
fluoride was in a 500-ml bulb and the carbon disulfide was in a 100-ml 
bulb. The reaction s tar ted immediately after the gases were allowed to 
mix,with the production of a yellowish smoke, and proceeded readily but 
not with violence. The solid which accumulated on the walls of the vessel 
was initially bright green in color, but turned to dark brown or black after 
standing a few hours. An X-ray analysis showed that the major solid phase 
was diuranium enneafluoride, U2F9, with minor phases of j3-uranium penta-
fluoride and uranium tetrafluoride. The initial solid product probably was 
uranium tetrafluoride which reacted with the excess uranium hexafluoride 
vapor to produce the intermediate uranium fluorides. 

A second experiment, s imilar to the first , was ca r r ied out 
to produce a la rger quantity of the solid, which was also found to be di­
uranium enneafluoride with both /3-uranium pentafluoride and uranium 
tetrafluoride probably present as minor phases. Chemical analysis of 
this solid showed that it contained 1.7 percent total sulfur and <0.3 percent 
free sulfur. 

Additional experiments in which an excess of carbon di­
sulfide was mixed with uranium hexafluoride were ca r r ied out in nickel 
bulbs of 500-ml volume. In one set of experiments , quantities of up to 
100 g of uranium hexafluoride were used. The reactants were condensed 
successively into the vesse l at a temperature of -196 C. The vessel and 
contents "were then allowed to w^arm to room tempera ture . The heat r e ­
leased by reaction of the relatively large quantities of mater ia l s eventually 
caused the tempera ture of the vesse l to r ise to an est imated temperature 
of 100 to 200 C. These reactions produced solid uranium tetrafluoride and 
rather complex gaseous mixtures . The constituents identified by infrared 
spectral analysis were sulfur hexafluoride, tetrafluoromethane, sulfur 
tetrafluoride, and thionyl fluoride (SOF2), a compound that usually accom­
panies sulfur tetrafluoride as a resul t of the reaction of the tetrafluoride 
with t r aces of mois ture . Also present was bistrifluoromethyl disulfide, 
(CF3)2S2. The infrared absorption spectra of bistrifluoromethyl disulfide 
and bistrifluoromethyl trisulfide have maxima attributed to a C-F s t re tch­
ing vibration at 1176 and 1105 cm" ' for the trisulfide,-^ and at 1095, 1133, 

3Hazeldine, R. N., and Kidd, J. M., J. Chem. S o c , 1953, 3219. 



1190, and 1205 cm"' for the disulfide.'* Because of the proximity of these 
maxima, it is possible that a relatively large quantity of one compound 
could mask the presence of the other when the infrared spectra a re used 
for identification. The positions of the absorption maxima of the two com­
pounds in the ultraviolet region are also quite s imilar ,3 426 x 10^ cm" ' for 
the disulfide and 424 x 10^ cm"' for the trisulfide, and are therefore not 
useful for the detection of one compound in the presence of the other. The 
ultraviolet spectra of the product gases showed a peak at 424 x 10^ cm" ' . 

In a second set of experiments in which an excess of carbon 
disulfide was used, the reagents were mixed in smaller quantities (about 1 g 
of uranium hexafluoride) as gases at room temperature . The reactants were 
contained at room temperature in separate 500-ml nickel bulbs. A valve 
joining the two bulbs was opened to mix the reactants . This technique 
allowed the reaction to proceed to completion at room tempera ture . The 
solid compounds produced in these experiments were analyzed by X-ray 
powder techniques. The solids were almost amorphous in nature, but the 
pattern obtained strongly resembled that of uranium tetrafluoride. The 
reactions between uranium hexafluoride and carbon disulfide which pro­
ceeded to completion at room temperature produced a much simpler mix­
ture of gases. The principal absorption maxima of the gaseous products 
in the infrared region were those of the trifluoromethyl sulfides. Sulfur 
tetrafluoride and thionyl fluoride, which are strong absorbers in the in­
frared region, were barely detectable. There is a significant difference 
in the volatilities of the two trifluoromethyl sulfides. The boiling points 
are 34.6 C for bistrifluoromethyl disulfide and 86,4 C for bistr if luoro­
methyl trisulfide.3 Simple distillation of the reaction products provided 
partial separation, which was enough to demonstrate that both compounds 
were present. The fraction of gaseous products which was volatile at 
-78 C had the absorption spectrum of bistrifluoromethyl disulfide. In the 
fraction of gaseous products which was nonvolatile at -78 C, the absorption 
spectrum of bistrifluoromethyl trisulfide was predominant. 

A reaction was carr ied out in nickel bulbs at room temper­
ature with helium as a diluent. A 530-ml mixture of uranium hexafluoride 
(pressure of 100 mm) and helium (pressure of 500 mm) was mixed by dif­
fusion with a 525-ml mixture of carbon disulfide (pressure of 200 mm) and 
helium (pressure of 300 mm). The infrared spectra of the gas phase of 
this reaction mixture and also the fraction of the mixture which was volatile 
at -78 C showed the presence of only carbon disulfide, bistrifluoromethyl 
trisulfide, and traces of thionyl fluoride. Small amounts of sulfur t e t ra ­
fluoride were probably formed and were hydrolyzed to thionyl fluoride by 
traces of moisture present in either the reaction system or the spectrom­
eter cell. 

4Nabi, S. N., and Sheppard, N., J. Chem. Soc. 1959. 3439. 



The chemical l i terature indicates that carbon disulfide 
reacts with fluorinating agents to produce a wide variety of compounds 
of carbon, sulfur, and fluorine. The nature of the fluorinating agent and 
the conditions under which it is used determine which compounds are 
produced. Mercury difluoride reacts with carbon disulfide at 250 C to 
produce bis-( tr ifIuoromethylthio)-mercury, Hg(SCF3)2, but above 300 C 
the main product is bistrifluoromethyl disulfide, (CF3)2S2.5 In the e lec­
trochemical fluorination of carbon disulfide in anhydrous hydrogen fluoride, 
the main product was trifluoromethyl sulfur pentafluoride, CF3SF5, and 
small amounts of difluoromethylenebis-(sulfur pentafluoride), CF2(SF5)2, 
and difluoromethylenebis-(sulfur trifluoride), CF2(SF3)2, were also 
produced." Fluorine gas at 40 C reacts with carbon disulfide to produce a 
complex mixture of tetrafluoromethane, CF4, sulfur hexafluoride, SF^, 
thiocarbonyl fluoride, CSF2, sulfur tetrafluoride, SF4, trifluoromethyl 
sulfur pentafluoride, CF3SF5, trifluoromethyl sulfur trifluoride, CF3SF3, 
disulfur decafluoride, S2F10, difluoromethylene sulfur trifluoride sulfur 
pentafluoride, SF3CF2SF5, and difluoromethylenebis-(sulfur pentafluoride), 
CF2(SF5)2.^ Cobalt trifluoride reacts with carbon disulfide at 200 to 250 C 
to produce trifluoromethyl sulfur pentafluoride, sulfur hexafluoride, and 
sulfur tetrafluoride.8 Iodine pentafluoride reacts with carbon disulfide at 
t empera tures between 60 and 200 C to produce bistrifluoromethyl disulfide 
and bistrifluoromethyl trisulfide, and at the higher tempera tures this r e ­
action also produces sulfur tetrafluoride and tetrafluoromethane.2 If 
uranium hexafluoride is compared with the fluorinating agents listed above, 
it is found to be most s imilar to iodine pentafluoride with respect to the 
type of sulfur and carbon compounds produced in the reaction with carbon 
disulfide. 

Table II-2 summar izes the resul ts of the reaction of ca r ­
bon disulfide with uranium hexafluoride and the resul ts listed in the l i t e ra ­
ture for the reaction of carbon disulfide with other fluorinating agents. 

The products formed by the reaction of covalent fluorides 
with carbon disulfide can be used to compare the covalent fluorides as 
fluorinating agents. Uranium hexafluoride, mercury difluoride, and iodine 
pentafluoride are all considered to be weak fluorinating agents, since they 
react with carbon disulfide to break only one carbon-sulfur bond per ca r ­
bon disulfide molecule, and to form products with the sulfur-sulfur bond 
intact. Cobalt trifluoride is considered to be a stronger fluorinating 
agent; it breaks one carbon-sulfur bond per molecule, but the products do 
not contain sulfur-sulfur bonds which are susceptible to fission and 

5Man, E. H., Coffman, D. D., and Muettert ies, E. L., J. Am. Chem. Soc. 
81., 3575 (1959). 

^Clifford, A. F. , El-Shamy, H. K., Emeleus, H. J., and Hazeldine, R. N., 
J . Chem. S o c , 1953 2372. 

•^Tyckzkowski, E. A., and Bigelow, L. A., J. Am. Chem. Soc 75, 3523 (1953) 

Ssilvey, G. A. and Cady, G. H., J. Am. Chem. Soc J72, 3624 (1950). 



fluorination by cobalt trifluoride." Plutonium hexafluoride is then consid­
ered to be the strongest fluorinating agent amongst those which have been 
reacted with carbon disulfide (see Section b); the only carbon-containing 
product of the reaction, tetrafluoromethane, results from the breaking of 
both carbon-sulfur bonds per molecule. 

Table II-2 

REACTIONS OF URANIUM HEXAFLUORIDE, PLUTONIUM HEXA-
FLUORIDE, AND OTHER FLUORINATING AGENTS WITH SULFIDES 

Reaction 
Temp 

No. Reactants (C) 

1 UF6(g){excess) + CSz(g) 25 

2 UFjg ) + CS2(g)(excess) 100-200 
est imated 

3 UFjg) -f CS2(g)(excess) 

4 UF6(g) + CS2(g){excess) 
He diluent 

5 

6 

7 

8 

9 

10 

I I 

12 

13 

HgF2(s) + CS2(g) 

HgF2(s) -1- CS2(g) 

F2 (electrochemical 
fluorination in 
anhydrous HF) + CS2 

F2(g) -1- CS2(g) 

CoF3{s) -1- CS2(g) 

IF5 + CS2(g) 

PuFj(g) + CS2(g) 

UF4(g) + H2S(g) 

UFjg ) + H2S(g) 

<250 

>300 

- 0 

40 

200-250 

80-200 

25 

25 

300a 

U2F,(s), CF,(g), SF4(g), 
(CF3)2S2(g) (CF3)2S3(g)(?) 

UF4(s), S F j g ) , CF4(g), SF4(g), 
(CF3)2S2(g), (CF3)2S3(g)(?) 

UF4(s), (CF3)2S2(g), (CF3)2S3(g), 
t race SFilg) 

UF4(s), (CF3)2S3(g), t race 
SF4(g) 

Hg (SCF3)2(g) 

(CF3)2S2(g) 

CF3SF5(g), CF2(SF5)2(g) 
CF2(SF3)2(g) 

CF4(g), S F j g ) , CSF2(g), SF4(g) 
CF3SF5(g), CF3SF3(g), S2F,„(g), 
SF3CF2SF5(g), CF2(SF5)2(g) 

CF3SF5(g), S F j g ) , SFiig) 

(CF3)2S2(g), (CF3)2S3(g), SF4(g), 
also CF4(g) at the higher 
t empera tu res 

PuF4{s), SF4(g), SFag) , CF4(g) 

UF4(s), SF4(g), HF(g) 

UF4(s), S(s), SF4(g), HF(g) 

^An excursion to 480 C occurred during the reaction. 

Reference 

This work 

This work 

This work 

This work 

5 

5 

6 

This work 

This work 

This work 

^- The Reaction of Plutonium Hexafluoride with Carbon 
Disulfide 
(R. 'Wagner, 'W. Shinn, 'W. Gunther) 

Uranium hexafluoride is known to react with carbon disul­
fide (see the preceding section of this report) to produce bistrifluoromethyl 
di- and trisulfides. Cobalt trifluoride, a stronger fluorinating agent than 

Brandt, G. A. R., Emeleus, H. J., and Hazeldine, R. N., J. Chem Soc 
1952, 2198. 



uranium hexafluoride, is known to produce trifluoromethyl sulfur penta­
fluoride when reacted with carbon disulfide.^0 An exploratory experiment 
was undertaken to determine if plutonium hexafluoride would also form t r i ­
fluoromethyl sulfur pentafluoride from carbon disulfide. 

The reaction was ca r r ied out in two 500-ml Pyrex spheres 
connected in a vert ical a r rangement by a vacuum stopcock. The spheres 
were dried and then t reated with 500 mm of fluorine at room temperature 
for 20 hr . The lower sphere was filled with 6.56 mill imoles of carbon di­
sulfide which had been dried over phosphorus pentoxide; the upper sphere 
contained 2.71 mill imoles of plutonium hexafluoride. Both gases were at 
25 C. 'When the stopcock between the carbon disulfide and plutonium hexa­
fluoride gases was opened slightly, the carbon disulfide (being at a higher 
p ressure ) entered the upper sphere and reacted with the plutonium hexa­
fluoride immediately above the stopcock bore. The reaction was rapid 
and simultaneously gave a finely divided light-tan solid and a rose-colored 
glow which extended almost ac ross the diameter of the upper sphere. 

Infrared scans of the gaseous products were made. The 
scans were taken from one to 24 /i. The following products were found: 
sulfur tetrafluoride, sulfur hexafluoride, thionyl fluoride, tetrafluoro­
methane, silicon tetrafluoride, and carbon disulfide. The thionyl fluoride 
is apparently a side reaction product formed from a t race of moisture and 
the sulfur tetrafluoride. The silicon tetrafluoride is apparently a product 
of reaction with the Pyrex container. Based on the absence of more than 
one important peak, plutonium hexafluoride, trifluoromethyl sulfur penta­
fluoride, bistrifluoromethyl disulfide, and bis-tr if luoromethyl trisulfide 
were not present . Silvey and Cady,10 however, reported the decomposition 
of trifluoromethyl sulfur pentafluoride to tetrafluoromethane and sulfur 
tetrafluoride in an e lect r ic spark. Any trifluoromethyl sulfur pentafluo­
ride formed in the carbon disulfide-plutonium hexafluoride reaction may 
have likewise decomposed in the glow. 

Chemical analysis of the solid product showed it to have a 
fluorine to plutonium ratio of 4.1 to 1. An X-ray diffraction pattern for the 
solid showed it to be plutonium tetrafluoride. 

The products of the fluorination of carbon disulfide using 
plutonium hexafluoride a re compared in Table II-2 with products formed 
using uranium hexafluoride and other fluorinating agents. 

10 Silvey, G. A., and Cady, G. H . , J . A m . Chem. Soc,72_, 3624 (1950) 



The Reaction of Uranium Hexafluoride with Hydrogen 
Sulfide 
(L. Trevorrow, 'W. Gunther) 

The reaction between uranium hexafluoride and hydrogen 
sulfide has been carr ied out under a variety of conditions. In all exper i ­
ments , the reactants were brought together by vacuum techniques under 
anhydrous conditions. The hydrogen sulfide was the purified grade ob­
tained from the Matheson Company. 

A reaction was carr ied out first in glass vacuum equipment 
so that the progress of the reaction could be followed visually. A 111-ml 
volume of hydrogen sulfide at a p ressure of 101 mm and a 105-ml volume 
of uranium hexafluoride at a pressure of 100 mm were allowed to mix by 
diffusion in the gas phase at 25 C. The reaction s tar ted immediately on 
mixing, and a finely divided, yellowish-green powder was produced. X-ray 
analysis of the powder showed it to be amorphous; however, a pattern sug­
gestive of uranium tetrafluoride was obtained. In another experiment, the 
hydrogen sulfide was condensed onto solid uranium hexafluoride in nickel 
equipment, and the reactants were warmed to room temperature . This 
technique yielded a crystalline, solid reaction product which was identified 
definitely by X-ray analysis as uranium tetrafluoride. 

A flow experiment was also car r ied out in which s t reams 
of uranium hexafluoride and hydrogen sulfide were mixed in a tubular, 
nickel reactor heated in a furnace. The temperature of the reactor was 
300 C except for a brief excursion up to 480 C which occurred during the 
course of the reaction. A yellowish-green powder and dark-green chunks 
of solid were produced in the reaction. X-ray analysis showed that the 
major phase in the yellowish-green powder was uranium tetrafluoride 
and that a minor phase present was orthorhombic sulfur. Chemical anal­
ysis showed that 7.0 percent of the yellowish-green powder was sulfur. 
X-ray analysis showed that the dark-green pieces were uranium te t ra ­
fluoride, and a chemical analysis showed that they contained 0.76 percent 
sulfur. 

The infrared spectra of the gaseous products of the r eac ­
tions carried out both at room temperature and at 300 C showed that sulfur 
tetrafluoride was present. In all cases thionyl fluoride was also present . 
The presence of this compound is ascr ibedto the hydrolysis of sulfur t e t ra ­
fluoride by moisture. It is normally very difficult to obtain an infrared 
spectrum of sulfur tetrafluoride which does not show t races of thionyl 
fluoride. In experiments in which extreme precautions were taken to ex­
clude moisture from the equipment, the absorption peaks of thionyl fluo­
ride were quite small compared with the peaks of sulfur tetrafluoride. 



At 500 C sulfur tetrafluoride disproportionates to sulfur 
hexafluoride and sulfur. H Thus, in the experiment in which the tempera­
ture rose to 480 C, disproportionation of sulfur tetrafluoride formed in the 
reaction between uranium hexafluoride and hydrogen sulfide would explain 
the presence of sulfur in the solid products. 

It was suspected that hydrogen fluoride was formed from 
the hydrogen contained in hydrogen sulfide. The fate of the hydrogen was 
determined (as described below) by separating from the reaction mixture 
the hydrogen fluoride formed in the reaction of a known quantity of hydro­
gen sulfide with an excess of uranium hexafluoride and then weighing the 
hydrogen fluoride. A sample of 32.6 g (92.6 mill imoles) of uranium hexa­
fluoride was reacted with 0.882 g (25.9 millimoles) of hydrogen sulfide. 
The excess uranium hexafluoride was apparently absorbed by the uranium 
tetrafluoride formed in the reaction to yield uranium enneafluoride, U2F9. 
An X-ray analysis of the solid products showed the major phase to be 
uranium tetrafluoride, and the minor phase to be diuranium enneafluoride. 
No uranium hexafluoride could be condensed from the gaseous reaction 
mixture. 

The gas phase was then t ransfer red by vacuum distillation 
back and forth several t imes through a bed of sodium fluoride pellets con­
tained in a tubular nickel reactor at 100 C. The hydrogen fluoride in the 
reaction mixture was absorbed by the sodium fluoride to form sodium bi­
fluoride, NaHF2. The hydrogen fluoride was released subsequently by in­
creasing the temperature of the reactor to 400 C. The hydrogen fluoride 
was then condensed and weighed. It had been established previously that 
a sample of hydrogen fluoride could be absorbed by the sodium fluoride 
bed and quantitatively recovered. It had been established also that a 
sample of sulfur tetrafluoride could be t ransfer red by vacuum distillation 
back and forth through the bed without loss . This proved to be an efficient 
technique for separating the hydrogen fluoride from the sulfur tetrafluoride 
formed in the reaction between uranium hexafluoride and hydrogen sulfide. 
The 0.882 g (25.9 mill imoles) of hydrogen sulfide produced 1.02 g 
(51.1 mill imoles) of hydrogen fluoride. These data allow it to be concluded 
that a mole of hydrogen sulfide reacts quantitatively with an excess of 
uranium hexafluoride to produce 2 moles of hydrogen fluoride. The 
stoichiometry of the gas phase reaction between uranium hexafluoride 
and hydrogen sulfide has not been definitely established, but it can probably 
be represented by the equation 

3 UF6(g) -1 H2S(g) = 3 UF4(s) + SF4(g) + 2 HF(g) 

11 Muetter t ies , E. L. (to E. I. duPont de Nemours and Company), 
U. S. Patent 2,883,267, April 21, 1959. 



The results of the reaction of uranium hexafluoride with 
hydrogen sulfide have also been summarized in Table II-2. 

5. Fluorine Corrosion Test of Nickel-Thoria Material 
( L . E . Trevorrow, 'W. H. Gunther) 

Samples of a mater ia l consisting of 98 percent nickel and 2 per­
cent thorium dioxide have been tested to determine if this is a suitable 
mater ia l of construction for the containment of fluorine gas at 600 C. Since 
it is known that above 600 C the rate of corrosion of nickel by fluorine in­
creases rapidly, 600 C was selected for these studies because it represents 
the practical upper limit at which nickel can be used for the containment 
of fluorine. In order to compare A-nickel and the nickel-thoria alloy di­
rectly, the corrosion of both of the mater ia ls was studied under the same 
experimental conditions. 

Discs of both the nickel-thoria mater ia l and A-nickel were 
prepared; each disc had a thickness of -j-̂  i"- ^'^'^ ^ diameter of y in. A 
-j--in.-diameter central hole was drilled in each disc so that it could be 
supported on an Alundum rod. Each disc was polished with a ser ies of 
emery papers through the 3/0 grade, degreased in trichloroethylene, 
weighed, and measured. 

The reaction vessel was a 1---in.-diameter nickel tube, posi­
tioned horizontally in a furnace, and connected to a vacuum line. 

Figure II-l 

SAMPLE ASSEMBLY USED IN 
COMPARISON OF FLUORINE 

CORROSION OF A-NICKEL 
AND NICKEL-THORIA 

MATERIAL 

ALUNDUM RODS 

THERMOWELL 

The discs were positioned on 
Alundum rods with faces parallel to 
the longitudinal axis of the vessel. 
Nickel-thoria discs and A-nickel 
discs were placed opposite each 
other, about — in. apart, as shown 
in Figure I I - l . Thus, corrosion of 
four pairs of discs was compared at 
a temperature of 600 ± 10 C, as 
measured by a thermocouple in a 
well in the reaction vessel . 

fl-NICKEL DISC 

The fluorination procedure 
was as follows: Discs were mounted 
on the Alundum holder and inserted 
into the reaction vessel , which was 
. Fluorine gas was then admitted to 

the reaction vessel, and the pressure was maintained at 700 ± 25 mm for 
4 days. Following this, the reaction vessel was evacuated, filled with 
helium, and allowed to cool slowly to room temperature . 

NICKEL-THORIA DISC 

108-6524 
closed, evacuated, and heated to 600 C 
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Nicke l f l uo r ide w a s f o r m e d on the A - n i c k e l d i s c s a s a un i fo rm 
and a d h e r e n t f i lm, but the n i cke l f l uo r ide on the n i c k e l - t h o r i a d i s c s was 
n o n a d h e r e n t and fel l away f r o m the d i s c s . Consequen t ly , the amoun t of 
n i c k e l f l uo r ide on the n i c k e l - t h o r i a d i s c s w a s d e t e r m i n e d by c o m p l e t e l y 
r e m o v i n g the n i c k e l f l uo r ide and weigh ing the c l e a n d i s c to d e t e r m i n e the 
w e i g h t l o s s . The a m o u n t of n i c k e l f l uo r ide on the A - n i c k e l d i s c s w a s 
m e a s u r e d by leav ing the a d h e r e n t f i lms in tac t , and r ewe igh ing t hem to 
d e t e r m i n e the we igh t ga in . 

The r e s u l t s a r e s u m m a r i z e d in Tab le I I - 3 . The ex ten t of 
f l uo r ina t i on is r e c o r d e d a s m i l l i g r a m s of f l uo r ine c o n s u m e d p e r s q u a r e 
c e n t i m e t e r of d i s c s u r f a c e . P a i r No. 1 w a s l o c a t e d c l o s e s t to the c e n t e r 
of the f u r n a c e , w h e r e the t e m p e r a t u r e would be e x p e c t e d to be h i g h e s t . 
The d i s t a n c e s of the p a i r s f r o m the c e n t e r of the f u r n a c e i n c r e a s e d wi th 
i n c r e a s i n g p a i r n u m b e r , and a p p a r e n t l y the t e m p e r a t u r e d e c r e a s e d wi th 
i n c r e a s i n g p a i r n u m b e r . The da ta in Tab le I I -3 i nd i ca t ed that the ex ten t 
of f l uo r ina t i on d e c r e a s e d for p a i r s f a r t h e s t f r o m the f u r n a c e c e n t e r . 

Tab le I I -3 

FLUORINE CORROSION OF NICKEL-THORIA AND A-NICKEL 

Pa i r 
No. 

1 

2 

3 

4 

Nominal Terr 
Time: 
F2 P re s su re ; 
Materials; 

Material 

Nickel-Thoria 
Nickel 

Nickel-Thoria 
Nickel 

Nickel-Thoria 
Nickel 

Nickel-Thoria 
Nickel 

iperature: 

Surface 
Area 

{sq cm) 

3.21 
2.93 

3.21 
3.45 

3.21 
3.13 

3.21 
3.33 

600 ± 10 C at center of furnace^ 
4 days 
700 ± 25 mm 
98% nickel 
A-nickel di 

-2% thoria alloy d 
Lscs; commercial 

grade fluorine 

Calc 
Fluorine 

Consumed 
(mg)^ 

184 
14 

78 
10 

61 
5 

36 
4 

Calc Fluorine 
Consumed per 
Unit Surface ( 
(mg/sq cm) 

57.3 
4.7 

24 
2.9 

19 
2 

11 
1 

iscs; 

Ratio of 
Fluorine 

Consumption 
nickel- thor ia / 

nickel) 

12 

8 

12 

9 

3-The temperature decreased along the length of the furnace from a 
maximum at the center. Pair No. 1 was nearest to the center, and 
the distance of the pairs from the center increased with the number 
of the pair . 

tiThe weight of fluorine consumed was calculated from the weight of 
nickel fluoride formed. 



It is assumed, however, that because of the way in which the discs were 
positioned, a valid comparison of the two mater ia ls was obtained. 

The ratios of fluorine consumption by the two mater ia l s are 
also presented in the table. The extent of fluorination for the alloy was 
8 to 12 times higher than that for A-nickel. In view of the extent of fluo­
rination and the spallation of the fluoride coating from nickel-thoria 
samples, it is concluded that the nickel-thoria is of no value as a mater ia l 
for construction of equipment which is intended for containment of fluorine 
at 600 C. 

The Absorption Spectrum of Gaseous Plutonium Hexafluoride 
(M. Steindler, D. V. Steidl) 

The process of energy absorption by plutonium hexafluoride is 
of fundamental interest to the study of the decomposition of plutonium 
hexafluoride by radiation. An understanding of the photodecomposition 
of plutonium hexafluoride may shed some light on the mechanism of the 
decomposition of plutonium hexafluoride by radiation. The absorption 
spectrum of plutonium hexafluoride in the ultraviolet, visible, and near-
infrared spectral region was determined in anticipation of experiments 
which may be carr ied out on the photolysis of plutonium hexafluoride and 
also in support of a search for instrumental methods of analysis for 
plutonium hexafluoride. A search of theli terature failed to reveal other 
than brief mention of the spectrum of plutonium hexafluoride. Jorgensenl2 
indicated by reference to unpublished work of 'Weinstock and Fred that 
plutonium hexafluoride has a very complicated absorption spectrum with 
a weak band group at 3780-6604 K,* six very sharp lines at 9583-10678 K, 
two band groups at 12260 K and 12720 K, and finally three bands at 17260 K, 
17817 K, and 18448 K before the strong electron t ransfer band. Our r e ­
sults are in substantial agreement with these generalizations, and we have 
extended the data to 50,000 K (2000 A). 

Samples of plutonium hexafluoride used in the current study 
were prepared by fluorination of plutonium tetrafluoride by elemental 
fluorine at elevated temperatures . 13 Samples of the hexafluoride were 
purified by t rap- to- t rap distillation under vacuum until the vapor pressure 
of the plutonium hexafluoride at the ice point agreed with the value quoted 
in the l i terature. 14 

*K = cm"' . 

12jorgensen, C. K., Mol. Phys._2, 96 (1959). 

13steindler, M, J., Steidl, D. V,, and Steunenberg, R. K., Nucl. Sci. 
Eng._6, 333 (1959). 

14Weinstock, B., -Weaver, E, E,, and Malm, J., J. Inorg. Nucl. Chem. 
i l , 104 (1959). 
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The nickel cell used for this work had a 5-cm light path and 
was constructed as described by Steunenberg and Vogel.15 xhe cell was 
equipped with 3-mm-thick quartz windows, and was pretreated first with 
elemental fluorine and then by exposure to plutonium hexafluoride. After 
pret reatment , the cell was evacuated and filled with purified plutonium 
hexafluoride to the desired p re s su re . 

The spectra of plutonium hexafluoride were obtained on a 
Gary Recording Spectrophotometer, Model 14, which recorded values of 
the absorbance. In order to utilize the recorded data directly, the empty 
cell was scanned over the entire spectral region before each experiment 
and suitable adjustments were made on the instrument to produce a zero 
base line. The data obtained from the spectrophotometer were used, to­
gether with the p re s su re (2.5 mm to 93 mm Hg) and temperature (24 C) of 
the gas to calculate (by means of the perfect gas laws) the molar absor-
bancy index for gaseous plutonium hexafluoride at the various wavelengths. 
These data a re shown in Figure II-2, and the locations and molar absorbancy 
indices of principal peaks are given in Table II-4. 

Figure II-2 

ABSORPTION SPECTRUM OF GASEOUS PLUTONIUM HEXAFLUORIDE 

8000 10,000 
X,Angstroms 

12.000 20,000 

108-6525 

The spectrum of plutonium hexafluoride in the region 2000-
4000 A shows relatively strong absorption, part icularly at 2090, 2250, 
2500, and 3155 A. In contrast, UF^ shows very little absorption at 

15steunenberg, R. K. and Vogel, R. C., J. Am. Chem. Soc. 78, 901 
(1956). 



wavelengths greater than 3200 A in this region (ANL-5254, p. 49). At 
3400 A, the ratio of molar extinction coefficients of gaseous plutonium 
hexafluoride to that of gaseous uranium hexafluoride is approximately 600. 
The magnitude of this ratio should permit the determination of plutonium 
hexafluoride in mixtures of uranium hexafluoride and plutonium hexafluoride 
by absorption spectrophotometry. The observed brown color of gaseous 
plutonium hexafluoride results in absorption peaks in the visible region of 
the spectrum, particularly in the green, the blue, and the violet. 

MA) 

2090 
2250 
2500 ( B ) ^ 
3155 ( V B ) ^ 

4142 
4260 
4376 
4480 
4550 
4600 
4750 

5420 
5610 
5840 

7500 
7870 
7960 

Table II-4 

PRINCIPAL PEAKS IN THE ABSORPTION SPECTRUM OF 
GASEOUS PLUTONIUM HEXAFLUORIDE 

C( 311 Length: 5 cm 
'Window: Quartz 
T( smperature: 24 C 
Instrument: Gary, 
P : 

T^(cm"') 

47,846 
44,444 
40,000 
31,695 

24,143 
23,474 
22,852 
22,321 
21,978 
21,739 
21,053 

18,450 
17,825 
17,123 

13,333 
12,706 
12,563 

Model 14 
r e s su res : Various (2.5 mm 

Molar 
Absorbancy 

Index 
(H m o l e - ' cm" ' ) 

2670 
1930 
1300 

760 

15.2 
13.4 
14.1 
12.0 

9.3 
8.0 
6.4 

3.2 
6.5 
3.9 

1.4 
7.76 
5.41 

x ( A ) 

8,165 
8,265 
8,390 
8,500 

9,360 
9,735 
9,870 

10,075 
10,245 
10,435 
10,700 

15,600 
20,900 
21,100 

to 93 mm) 

V ( cm- ' ) 

12,247 
12,099 
11,919 
11,764 

10,684 
10,272 
10,132 
9,925 
9,761 
9,583 
9,346 

6,410 
4,785 
4,739 

Molar 
Absorbancy 

Index 
{H mo le" ' cm" ' ) 

7.08 
5.97 
5.25 
3.50 

6.29 
2.82 
3.42 

27.3 
8.96 

12.0 
0.83 

0.60 
0.80 
1.59 

^B = Broad; VB = Very Broad. 

Examination of the fine structure of the bands at 5610 at ap­
proximately 8160, and at 10075 A reveals a band separation which may be 
correlated with the infrared spectrum of PuF^.l^ Peak separations in the 

Malm, J., -Weinstock, B., and Claasen, M., J. Chem. Phys. 23 2192 
(1955). ' 
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sequence 5420, 5610, and 5840 A are 625 cm"" and 702 cm '. A fundamental 
vibration frequency of 628 cm" ' {vi) has been observed for PuF^. l" A simi­
lar correla t ion has been made with a ser ies of bands observed in the spec­
trum of UF^ at approximately 3670 A. 1'̂  

In the near- inf rared region, the band structure of the first band 
(8160 A) shows peak separations of 627 cm" ' , 143 cm" ' , 316 cm" ' , 148 cm" ' , 
and 180 cm ' . 'With the exception of the 316 cm" ' separation, all of these 
may be corre la ted with fundamental frequencies of PuF^ (Vj = 628 cm"' ; 
V(, = 171 cm" ' ) . A peak at 320 cm" ' {v 2 ' '^i) l̂ -̂S been calculated but not 
observed for PuF^.* The second observed band of PuF^ in the near- infrared, 
the 10075 A band, consisting of six sharp peaks, shows separations of 
412 cm" ' , 140 cm" ' , 207 cm" ' , 164 cm" ' , 178 cm" ' , and 237 cm" ' . The 
fundamental frequencies which are applicable include Vf, = 171 cm" ' and 
V 4 = 203 cm ' . Fur ther , a weak band at 414 cm" ' , observed for PuF^, has 
been assigned as V4 + v^. 

"While the application of ligand field theory to gaseous hexafluo­
rides has been reported for the transit ion metals rhenium, osmium, iridium, 
and platinum,1° no such data have been reported in the l i terature for pluto­
nium hexafluoride, although the problems related to such a calculation have 
been discussed by Goodman.19 It is not possible, therefore, to present a s ­
signments for the several absorption bands observed in the spectrum of 
plutonium hexafluoride. 

The Alpha-radiation Decomposition of Plutonium Hexafluoride 
(R. -Wagner, W. Shinn) 

Plutonium hexafluoride decomposes under the influence of alpha 
radiation to plutonium tetrafluoride and fluorine.^'^•^l-^^ Reported values 
for the rate of decomposition range from 0.6 to 2 percent per day for solid 

*A s imi lar peak has been observedl^ for NpFj at 323 cm" . 

l^Dieke, G. H., and Duncan, A. B. F . , Spectroscopic Proper t ies of Ura­
nium Compounds, National Nuclear Energy Series, Division III, -Vol. 2, 
McGraw-Hill Book Co., Inc., New York (1949), p. 120. 

ISMoffitt,-W., Goodman, G. L., Fred, M., and -Weinstock, B., Mol. Phys._2_, 
109 (1959). 

19Goodman, G., Metal Hexafluorides: Some Applications of Ligand Field 
Theory to Octahedral Molecules, Ph.D. thesis , Harvard University (1959). 

20Mandleberg, C. J. , Rae, H. K., Hurst, R., Long, G., Davies, D., and 
F ranc i s , K. E., J. Inorg. Nucl. Chem.,__2, 358 (1956). 

^ Ip lo r in , A. E., Tannenbaum, I. R., and Lemons, J. F. , J. Inorg. Nucl. 
Chem.,_2_, 368 (1956). 

22weinstock, B. and Malm, J., J. Inorg. Nucl. Chem., 2, 380 (1956). 



plutonium hexafluoride and from 0.060 to 0.35 percent per day for pluto­
nium hexafluoride in the vapor phase. A study was initiated to corre la te 
the extent of alpha decomposition of plutonium hexafluoride with such 
variables as t ime, plutonium hexafluoride p re s su re , container mater ia l , 
vessel volume, presence of foreign gases , and intensity of radiation. The 
decomposition of plutonium hexafluoride by gamma radiation is being 
studied (ANL-6477, p. 118; ANL-6596, p. 125; this report , the following 
section) by Steindler and Steidl. Corrections for alpha decomposition are 
also necessary in the gamma-radiation studies. 

The vessels used in the alpha-decomposition studies are nickel 
and aluminum spheres having 6.35-cm outside diameters and wall thick­
nesses of 0.0635 cm. Pyrex and quartz vessels having 6.36- and 6.08-cm 
outside diameters are also used. The vessels were equipped with a small 
bellows valve (Hoke number 1479) and were attached to a gas manifold 
with standard flare fittings. Before use, the vessels were pre t reated with 
400 mm of fluorine at room temperature for 2 days. The volumes of the 
vessels ranged from 125 to 128 ml, depending on the internal volume of 
the valve. 

The Pyrex and quartz spheres used had small bellows valves 
attached to them by means of Kovar graded seals . The Pyrex spheres had 
diameters of 6.36 cm and total volumes of 137 ml and 141 ml. The diam­
eters of the quartz spheres were 6.08 cm, and their total volumes were 
119 ml and 122 ml. The glass vessels were pre t reated with one a tmos­
phere of fluorine for two days at room temperature . 

All of the vessels were weighed through use of a tare con­
structed of the same mater ia l and similar in size and shape to the vessel 
being weighed in order to eliminate the need for buoyancy correct ions . 
Plutonium hexafluoride which had been purified by vacuum fractionation 
was used. Groups of 1 0 to 16 vessels were filled simultaneously from a 
common source of plutonium hexafluoride. The p r e s su re s were measured 
with a Booth-Cromer pressure t ransmit ter and a mercury manometer . 
They were then attached to the vacuum system, and the volatile fluorine 
and undecomposed plutonium hexafluoride were removed. The vessels 
were again weighed. The difference in weights of the vessels was equal 
to the amount of plutonium tetrafluoride deposited in each vessel . 

The results are reported in Table II-5. The rates are expressed 
as average daily rates of decomposition in te rms of percentages of the ini­
tial plutonium hexafluoride weight. 

Results obtained in nickel spheres containing an initial p ressure 
of 50 mm of plutonium hexafluoride show that decomposition was not a linear 
function of time. The average rate for 12.6 days was 0.30 + 0.04 percent 
per day, whereas for 157.7 days the decomposition rate decreased to 
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0.14 + 0.01 percent per day. A nonlinear relationship between decomposi­
tion rate and time is also observed for data obtained with the initial plu­
tonium hexafluoride p re s su re at 100 mm. The average decomposition rate 
for this system over a period of 5.6 or 12.6 days was 0.37 ± 0.02 percent 
per day, whereas the average rate over a period of 156.7 or 175.9 days 
was 0.20 + 0.04 percent per day. 

Table n-5 

DECOMPOSITION OF PLUTONIUM HEXAFLUORIDE BY ITS ALPHA RADIATION 

Decomposition (percent per day) 

(No. of days) 
12.6 21.9 157.7 

Vessel 
Material 

Nickel 
Nickel 
Nickel 

Nickel 
Nickel 

Nickel 
Nickel 
Nickel 
Nickel 

Nickel 
Nickel 

Nickel 
Nickel 
Nickel 
Pyrex 
Pyrex 

Quartz 

Quartz 
A luminum 

Aluminum 
Aluminum 
Aluminum 

Test 

Temperature 

(C) 

26 
26 
27 
27 
27 
26 
26 
26 
26 
27 
26 
26 
82 
82 
26 
26 
26 
26 
27 
82 
82 
82 

Spherical Vessels 

A lumin 
Pyrex 

Quartz 

PuF^ Pressure 

Imm Hg) 

50 
50 
50 
50 
80 

100 
100 
100 
100 
100 
100 
100 
94 

797 
100 
100 
100 
100 
75 
87 
88 

787 

um and Nickel 

In i t ia l Weight 

ol PuFf, 

(mg) 

115.6 
116.4 
116.7 

118.6 
194,0 

233.3 
232.9 
234.8 

236.3 
236.4 

229.4 
226.9 

192.6 
1635.7 
260.9 

253.6 
221.4 

216.4 
181.7 
178.3 

181.4 
1615.7 

Radius (cm) Volume (ml) 

3.175 

3.18 
3.04 

PuF( 

125.128 

137.141 
119.122 

, Decomposed 

(mg) 

4.8 
3.8 

23.8 
25.4 
49.1 
4.8 [ 
5.0 ( 

9.6 
12.2 

49.5 
99.2 

84.5 
39.2 

391.3 
156.3 

153.6 
87.9 
88.0 

47.5 
28.2 

33.4 
287.0 

0.37 
0.38 

0.33 
0.26 

0,32 
0.41 

1,15' 

0.97<: 
1.10" 

1.19a 
0.72 
0.84 
0.81 

0,13 
0.14 

O.I3I1 
0.25 
0.21 

0,34 
0,34 
0,23 
0,23 

^These anomalous results are unexplained at present, 

11156,7 days instead of 157,7 days, 

C21,0 days instead of 21,9 days, 

(J21,8 days instead ol 21,9 days. 

The data also show that for nearly equal times the rate of de­
composition was slightly higher for an initial plutonium hexafluoride p r e s ­
sure of 100 mm than for one of 50 mm. This was shown in the short-duration 
experiments in which the decomposition was 0.37 ± 0.02 percent per day for 
100 mm and 0.30 ± 0.04 for 50 mm. The longer experiments, lasting 156.7 
or 175.9 days, show a slight rate decrease from 0.20 ± 0.04 percent per day 
with 100 mm to 0.14 + 0.01 percent per day for 50 mm initial plutonium 
hexafluoride p re s su re . 

Decomposition occurred in quartz spheres (0.23 percent per 
day) at about the same rate as in nickel spheres (0.25 and 0.21 percent 
per day). Decomposition proceeded in Pyrex spheres at a higher rate 
(0.34 percent per day); this can be attributed to reaction of plutonium 
hexafluoride with Pyrex. Etching of the Pyrex, which indicates chemical 
reaction, was observed. 



At 82 C the decomposition of gaseous plutonium hexafluoride in 
nickel vessels was faster (0.97 and 1,10 percent per day) than in aluminum 
vessels (0.72, 0.84, and 0.81 percent per day). Except for two anomalous 
resul ts obtained at room tempera ture , the ra tes obtained at 82 C were higher 
than those obtained at room temperature . Decomposition in one nickel 
sphere and one aluminum sphere (which had been heated to 82 C and filled 
simultaneously from a common source of plutonium hexafluoride) amounted 
to 1.15 and 1.19 percent per day, respectively, at room tempera ture . 

Unexpectedly, no dependence of decomposition rate on the initial 
plutonium hexafluoride p ressure was observed at 82 C. This anomaly and 
the increase in decomposition rates which occurred upon raising the tem­
perature to 82 C can be explained if thermal decomposition of the plutonium 
hexafluoride (which is independent of initial p ressure ) occurs in addition to 
radiation decomposition. 

Future experiments will be designed to investigate the effect on 
decomposition rate of temperatures up to 120 C. Rates of thermal decompo­
sition of plutonium hexafluoride have been investigated by Fischer , Trev­
orrow, and Shinn23 at 140, 16I, and 173 C. Experiments a re being carr ied 
out to investigate the effects of the presence of foreign gases such as fluo­
rine, oxygen, nitrogen, krypton, and helium on the rate of alpha decomposi­
tion of gaseous plutonium hexafluoride. 

Decomposition of Plutonium Hexafluoride by Gamma Radiation 
(M. J. Steindler and D. V. Steidl) 

The volatility of plutonium hexafluoride is utilized in fluoride 
volatility processes to separate plutonium from most of the fission prod­
ucts. During the fluorination step and in subsequent operations, plutonium 
hexafluoride is exposed to radiation from fission products. A study of the 
decomposition of plutonium hexafluoride by gamma radiation has been under­
taken to obtain information concerning the extent of decomposition, the 
products of decomposition, and the fundamental p rocesses involved in the 
radiation chemistry of plutonium hexafluoride. The effect of various added 
gases on the decomposition is also being investigated. The available l i ter­
ature, the experimental procedures, and early resul ts have been presented 
previously (see ANL-6477, p. 118; ANL-6596, p. 125). The decomposition 
of plutonium hexafluoride by gamma radiation likely to be encountered in a 
separation process is, on the basis of present data, unlikely to cause a se r ­
ious practical problem. 

Three additional experiments have been done on irradiation of 
plutonium hexafluoride without additives. These resu l t s , as well as those 
previously reported, are given in Table II-6 and are presented graphically 

23Fischer, J., Trevorrow, L., and Shinn, W., J. Phys. Chem, 55, 
1843 (1961). 
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in Figure II-3. An average G value* of 7.5 molecules of plutonium hexa­
fluoride decomposed for each 100 ev of absorbed energy, in the range from 
zero to 3.73 x 10^̂  ev, appears to be well established by these data. The 
value of one standard deviation for G is 0.7. 

DECOMPOSITION O F PLUTONIUM HEXAFLUORIDE BY GAMMA RADIATION 

A v e r a g e G a m m a E n e r g y : 
Dose Rate : 
T e m p e r a t u r e : 
P lu ton ium Hexaf luor ide P r e s s u r e : 

Ini t ial PuF^ Absorbed Dose^ 
E x p e r i m e n t (m i l l imo le s ) (ev x 10 ) 

0.75 Mev 
1 X 10* to 4 X 10* r a d / m i n 
60 to 70 C 
80 to 100 m m Hg at 25 C 

PuF4 F o r m e d ^ PuF^ Lost^ 
(mi l l imo les ) (m i l l imo le s ) G d 

8 4 8 F - 1 7 7 -
8 4 8 F - 1 7 7 -
8 4 8 r - 1 8 7 -
8 4 8 F - 1 8 7 -
1199F-74 
1026F-183 
1026F-157 
1026F-191 
1199F-51 
1199F-59 

13 
14 
15 
13 

0.279'= 
0.323<= 
0.302= 
0.315"= 
0.977 
l.OiT' 
I .IU** 
2.076": 
0.992 
0.953 

1.48 
1.59 
4.88 
6.34 

14.7 
18.8 
23.9 
31.2 
35.6 
37.3 

0.017 
0.032 
0.031 
0.038 
0,230 
0,285 
0,282 
0.372 
0.490 
0.370 

0.024 
0.028 
0.058 
0.050 
0.196 
0.275 
0.270 
0.333 
0.505 
0.404 

8.1 
11 

5.6 
4.2 
8.7 
9.0 
7.0 
6.8 
8.4 
6.2 

^ D e t e r m i n e d f rom the F r i c k e dose and the r a t io of e l e c t r o n d e n s i t i e s of p lu to ­
n ium hexaf luor ide and w a t e r , 

"By c h e m i c a l a n a l y s i s of the sol id r e s i d u e . 

^By t e n s i o m e t r i c m e t h o d s , 

•̂ G value ca lcu la t ed by ave rag ing the va lues for PUF4 fo rmed and PuF^ d e c o m p o s e d . 

^ P r e s e n t e d p rev ious ly (see ANL-6596, Table 23). 

Figure II-3 

DECOMPOSITION OF PLUTONIUM HEXA­
FLUORIDE BY GAMMA RADIATION 

o PuFe ALONE 
n He ADDED 
0 Kr ADDED 

NUMERALS-PRESSURE 
OF INERT GAS IN ATM. 

10 20 30 40 50 60 70 80 90 
TOTAL ENERGY ABSORBED.ev % 10-20 

108-6526 

*Molecules decomposed per 100 ev of absorbed energy. 



R e s u l t s of two f u r t h e r e x p e r i m e n t s on i r r a d i a t i o n of m i x t u r e s 
of p lu ton ium hexaf luor ide and he l i um have a f f i r m e d the e x p e c t e d s l igh t 
effect ( see A N L - 6 5 9 6 , p . 127) of h e l i u m on the ex t en t of d e c o m p o s i t i o n of 
p lu ton ium hexa f luo r ide . The d e c o m p o s i t i o n r a t e wi th two a t m o s p h e r e s of 
he l i um added ( see Tab le II-7) is s u b s t a n t i a l l y the s a m e a s the r a t e wi th 
one a t m o s p h e r e of h e l i u m added , when e n e r g y a b s o r p t i o n in the h e l i u m is 
inc luded in the ca l cu la t ion of G. An a v e r a g e G va lue of 6.0 h a s been o b ­
ta ined for p lu tonium hexaf luor ide d e c o m p o s i t i o n in the p r e s e n c e of he l i um 
f rom z e r o to 4.67 x 10^' ev of a b s o r b e d e n e r g y ( see Tab le I I -7 and 
F i g u r e I I -3) . 

Table II-7 

DECOMPOSITION OF PLUTONIUM HEXAFLUORIDE BY 
GAMMA RADIATION IN THE PRESENCE OF INERT GASES 

Average Gamma Energy: 0.75 Mev 
Dose Rate: 1 x I O'* to 4 x I 0* rad/min 
Temperature: 60 to 70 C 
Plutonium Hexafluoride Pressure: 80 to IOO mm Hg at 25 C 

Absorbed Dose^ 

Exper iment 

1199F-7 
1199F-40 
I199F-49 
1199F-10 
1199F-34 

1199F-101 
1I99F-99 
1I99F-70 
1199F-94 
1I99F-97 
1I99F-15 
I199F-30 
I199F-90 
I I99F-103 
1199F-4Z 
1199F-62 

Initial P u F j 
{millimoles) 

1.073« 
0.964 
0.935 
1.097*^ 
1.0356 

1.000 
I .Oil 
0.984 
1.042 
0.999 
1.0746 
1.0066 
1.008 
1.023 
1.026 
0.998 

Inert Gas 
(mil l imoles) 

8.132 He 
8.133 He 
8.298 He 

17.29 He 
17.16 He 

2.376 Kr 
4.782 Kr 
4.753 Kr 
5.408 Kr 
8.402 Kr 
8.146 Kr 
9.238 Kr 
8.635 Kr 
8.429 Kr 

16.86 Kr 
17.64 Kr 

In 
P u F j 

15.6 
26.7 
40.5 
16.8 
15.6 

15.1 
14.9 
14.8 
15.0 

7 .5 
15.1 
13.8 
29.7 
32.8 
16.8 
15.4 

(ev x 10"^' 

In Inert 
G a s 

1.8 
3.7 
6.2 
4 . 0 

3.7 

9 .4 
19.2 
19.7 
21.1 
17.0 
32.9 
37.5 
70.4 
73.5 
68.5 
73.1 

') 

Total 

17.4 
30.4 
46.7 
20.8 
19.3 

24.5 
34.1 
34.5 
36.1 
24.5 
48.0 
51.3 

100 
106 

85.1 
88.5 

PuF,'= 
Lost 

(mi l l i ­
moles ) 

0.252 
0.299 
0.361 
0.184 
0.150 

0.138 
0.210 
0.195 
0.190 
0.181 
0.315 
0.346 
0.219 
0.198 
0.039 
0.163 

PuFj^: 
F o r m e d 
(mi l l i ­
moles ) 

0.222 
0.291 
0.436 
0.183 
0.203 

£ 
f 

0.141 
f 
f 

0.332 
0.352 
0.185 

f 

0.124 
0.144 

Gd 

8.2 

5.9 
5.1 
5 .3 
5.5 

3.4 
3.7 

2 .9 
3.2 

4 . 5 
4 . 0 
5 .0 
1.2 

1.1 
0.6 
1.0 

^Dose determined from the Fricke dose and the ratio of electron densities of plutonium 
hexafluoride and water. 

°By tensiometric methods. 

"̂ By chemical analysis of the solid residue. 

G value calculated from the average of PUF4 formed and PuF^ lost and the total 

absorbed energy. 

"Presented previously (see ANL-6596, Table 24). 

fAnalytical results not available. C calculated from PuF^ loss only. 
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When mixtures of krypton and plutonium hexafluoride are i r ­
radiated, the relationship of decomposition to absorbed dose is again linear 
(G = 3.8) up to approximately 5 x 10^' ev absorbed dose and krypton p r e s ­
sures to one atmosphere (see Table II-7 and Figure II-3). In two experi ­
ments with one atmosphere of krypton added, absorbed energies of 
approximately 1 x 10^^ ev gave G values of approximately 1. In two ex­
periments with two atmospheres of krypton added, an absorbed dose of 
approximately 8.5 x 10^' ev also gave G values close to 1. At present , the 
resul ts may be explained on the basis of several competing excitation and 
quenching reactions which are to be defined and evaluated in future experi ­
ments to be performed with intermediate values of both krypton p ressu re 
and total dose. 

The behavior of plutonium hexafluoride with added fluorine or 
oxygen is important since both fluorine and oxygen will be present in the 
gas s t ream from the fluorinator in the Direct Fluorination P roces s . 
Three experiments with fluorine added to plutonium hexafluoride and 
three additional experiments with oxygen added to plutonium hexafluoride 
have been performed. The resul ts are reported in Table II-8. The ex­
periments with fluorine added to plutonium hexafluoride, in which the 
total absorbed dose was 6.86 x 10^' ev, resulted in no significant increase 
in decomposition compared with two experiments in which similar samples 
were not i r radiated but were held at the temperature of irradiation (60-
70 C) for 7 or 10 days. The experiments with oxygen added showed the 
same lack of effect of i rradiat ion when a comparison was made with ex­
periments in which the samples were not irradiated. In view of the pos­
sible chemical reactions of oxygen with plutonium hexafluoride and the 
reaction of fluorine with the plutonium tetrafluoride product of the decom­
position (whose rate is likely increased by radiation), these experiments 
a re not directly comparable with those with plutonium hexafluoride alone. 
The resul ts do, however, demonstrate that increased stability can be ex­
pected of plutonium hexafluoride in process gas s t reams containing fluo­
rine or oxygen. The discrepancies observed between the amount of plutonium 
hexafluoride lost and the amount of plutonium tetrafluoride formed are 
believed to be due to experimental e r ro r although, in the case of exper i ­
ments with oxygen, the nature of the solid compound has not been established. 

The Reaction of Plutonium Hexafluoride and Calcium Fluoride 
(M. J. Steindler and D. V. Steidl) 

Owing to the importance of the chemistry of plutonium hexa­
fluoride to the development of fluoride volatility processes , a brief inves­
tigation of the reaction of plutonium hexafluoride and calcium fluoride is 
reported. The purpose of the experiment was to determine if calcium 



f luor ide r e a d i l y f o r m s a s t ab le c o m p l e x wi th p lu ton ium h e x a f l u o r i d e . 
G a t h e r s and Jo l l ey24 have ind ica ted tha t p lu ton ium h e x a f l u o r i d e , unl ike 
u r a n i u m hexa f luo r ide , f o r m s a c o m p l e x wi th c a l c i u m f l u o r i d e . 

Table II-8 

DECOMPOSITION OF PLUTONIUM HEXAFLUORIDE BY 
GAMMA RADIATION IN THE PRESENCE 

OF OXYGEN OR FLUORINE 

Average Gamma Energy: 0.75 Mev 
Dose Rate: 1 x 10^ to 4 x 10* rad /min 
Temperature: 60-70 G 
Plutonium Hexafluoride P re s su re : 80-100 mm Hg at 25 C 

Absorbed Dose^ 

Experiment 

1199F-38'i 
1199F-47'^ 
1199F-36 
1199F-20 
1199F-68 

I199F-88d 
1199F-92^ 
1199F-83 

PuF(, Initial 
(millimoles) 

0.972 
0.961 
1 . 0 2 0 6 

1.088<= 
1.113 

1.012 
1.000 
1.039 

Ine r t Gas 
( m i l l i m o l e s ) 

7.870 O2 
8.311 O2 
7.958 O2 
8.676 O2 

17.32 O2 

8.191 F2 
7.780 F2 
8.983 F2 

In 
P u F j 

-
15.9 
16.7 
33.0 

-
-

32.2 

( e v x 1 0 " " 

In I n e r t 
Gas 

_ 
-

14.3 
15.7 
62.1 

-
-

36.4 

') 

Tota l 

_ 
-

30.2 
32.4 
95.1 

-
-

68.6 

P u F ^ b 
L o s t 

( m i l l i ­
m o l e s ) 

0.156 
0.079 
0.075 
0.154 
0.186 

0.105 
0.097 
0.107 

P U F 4 C 

Formed 
(milli­
moles) 

0.114 
0.035. 
0.039 
0.063 
0.123 

0.079 
g 

0.040 

^Dose determined from Fricke dose and the ratio of electron densities of plu­
tonium hexafluoride and water. 

"By tensiometric methods. 

'"By chemical analysis of solid residue. 

<^Held for 7 days at 60-70 C without irradiation. 

^Presented previously (see ANL-6596, Table 24). 

^Held for 10 days at 60-70 C without irradiation. 

SAnalytical results not available. 

A 0.3937-g s ample of p o w d e r e d , r e a g e n t - g r a d e c a l c i u m f luor ide 
was p re f luo r ina t ed at 80 C for 17 h r in the p r e s e n c e of f luor ine a t 1000 m m 
Hg. (A sample of C a F j d r i e d at 120 C ove rn igh t in he l i um had a spec i f ic 
sur face a r e a of 12.7 m^/g.) The f luor ine w a s p u m p e d off a t r o o m t e m p e r a ­
t u r e , and 0.4194 g plutonium hexaf luor ide w a s d i s t i l l ed onto the c a l c i u m 
f luor ide . P lu ton ium hexaf luor ide w a s in con tac t wi th c a l c i u m f luor ide a t 
room t e m p e r a t u r e in a 2 0 - m l n icke l t e s t tube for one hour , du r ing which 

2 4 c a t h e r s , G. I., and JoUey , R. L . , R e c o v e r y of P u F ^ by F l u o r i n a t i o n 
of F u s e d F luo r ide Sa l t s . O R N L - 3 2 9 8 (1962). 
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time the mixture was shaken at intervals . Both solid and gaseous plutonium 
hexafluoride were present . After one hour, the plutonium hexafluoride was 
pumped off at room temperature (to a p ressu re of ~2.5 x 10"* mm) and the 
calcium fluoride was removed from the tube and assayed for its plutonium 
content. 

Owing to the anticipated difficulty in dissolving calcium fluoride, 
a scan of the entire solid sample was made for gamma activity. Results 
indicated intense activity at 17 kev, the gamma energy usually used for 
plutonium determination in solid samples . Further investigation indicated 
that most of the gamma activity should be assigned to U^^', although some 
17-kev activity was not accounted for by this procedure. Fur ther analysis 
by aqueous chemical means revealed that a small amount of plutonium 
(equivalent to 3 mg PuF^) was present in the sample. 

A number of interesting observations were made in this ex­
periment. The amount of plutonium hexafluoride (0.7 percent of the initial 
mater ia l or 3 mg) which remained in the calcium fluoride was small , 
indicating that no stable complex between calcium fluoride and plutonium 
hexafluoride under the conditions of the experiment was formed. However, 
it is possible that a compound can be formed whose decomposition p r e s ­
sure is high. Fur ther , the hazard of using gamma counting to assay a 
sample of this type is indicated by the fact that, as in this instance, the 
17-kev gamma activity could also be assigned to U^̂ ^ as well as to Pu ^'. 
The quantity of U^^' was very small (~10"'° g), indicating that,although 
uranium hexafluoride does not form a complex with calcium fluoride, 
adsorption of uranium hexafluoride on calcium fluoride takes place 
readily. This fact suggests that it might easily be possible for t race 
quantities of plutonium hexafluoride to be adsorbed on calcium fluoride 
without formation of a complex. 

Examination of the data of Gathers and Jolley24 indicates that 
the surface a rea of the calcium fluoride used by them could easily accom­
modate the plutonium hexafluoride available in their experiments by an 
adsorption mechanism. The total quantity of plutonium hexafluoride 
(0.1 mg) was small . Calculations indicate that all of the available plutonium 
hexafluoride could be accommodated on 0.6 percent of the available surface 
a rea of the calcium fluoride as adsorbed plutonium hexafluoride, and thus 
complex formation need not be postulated. However, it is also true that if 
the decomposition p r e s su re of a plutonium hexafluoride-calcium fluoride 
complex were high at room tempera ture , the complex might possibly have 
been dissociated in our experiment by evacuation at room tempera ture . 



B. Engineering-scale Investigation of Fluoride Volatility P roces s 
(A. A. Jonke) 

1. Direct Fluorination of Uranium Dioxide Fuel 
(W. J. Mecham, L. Anastasia, J. D. Gabor, R. Kinzler, 
A. Rashinskas, and J. Wehrle) 

In the Direct Fluorination P rocess , uranium and plutonium 
dioxides from discharged reactor fuel are reacted with fluorine to produce 
the hexafluorides, which are then decontaminated by volatility techniques. 
The fluorination is carr ied out in a packed fluidized-bed reactor , in which 
the packed section is formed by uranium dioxide pellets. Alumina grain 
is used to fill the voids in the uranium dioxide pellet bed and to form a 
fluidized bed above the pellets. Development studies on an engineering 
scale have thus far been directed toward process optimization of the p r i ­
mary fluorination of uranium dioxide pellets. The major objectives of 
these studies have been to demonstrate short- t ime batch fluorination 
(less than 20 hr) and satisfactory fluorine utilization efficiencies (greater 
than 75 percent). Currently, emphasis has been placed on the evaluation 
of a two-zone oxidation-fluorination technique that is car r ied out in a 
single vessel. 

In the two-zone method of operation, a mixture of oxygen and 
nitrogen is used to oxidize the pellets to uranosic oxide (UjOs) fines 
(~20|U in diameter) which have a high specific surface area . The fines 
are formed in the uranium dioxide pellet zone (oxidation zone) and are 
carr ied to the upper fluidized bed of alumina (fluorination zone), where 
they react with fluorine to produce uranium hexafluoride. The fluorine 
is admitted to the upper fluidized zone at a point which is just above the 
pellet bed. The two-zone method of operation offers several advantages 
over the single-zone method. One advantage is that caking due to solids 
formation by the reaction of uranium hexafluoride with uranium oxides is 
minimized. Another advantage is that the quality of fluidization in the 
upper (fluorination) zone is improved by the absence of uranium dioxide 
pellets. Thus, fluorination of UjOg fines (AH = -231 kcal /mole uranium 
at 25 C) takes place in the upper, unhindered fluidized bed where high rates 
of heat removal are more easily achieved, and the oxidation reaction 
(AH = -25 kcal/mole uranium at 25 G) takes place in the pellet zone where 
lower rates of heat removal are obtained. 

In the initial two-zone run (UOF-61), a 12-in. bed of pellets 
was fluorinated at an average production rate of 33 lb UF6/(hr)(sq ft) 
(see ANL-6596, p. 142). A second run, UOF-62, was made under gen­
erally similar conditions, but the superficial gas velocity was lowered. 
The lower gas velocity caused an accumulation of fines in the pellet zone 
(see ANL-6596, p. 145). Attention, therefore, was directed toward methods 
of reducing oxidation rates and improving fines t ransport from the pellet 
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zone. Lowering of the temperature in the pellet oxidation zone reduced the 
oxidation rate in runs UOF-63 and UOF-64 (see ANL-6648, p. 137). In 
these runs the upper part of the reactor was heated and the bottom flange 
of the reactor was cooled by ambient air so that a longitudinal temperature 
gradient was established in the pellet bed. The (upper) fluorination zone 
was maintained at 525 to 550 G, while the (lower) oxidation zone ranged 
from 400 G near the top of the pellet bed to 140 C at the bottom. These 
tempera tures were measured by means of thermocouples located at va r i ­
ous levels in a vert ical thermowell which passed through the pellet bed. 
Previous tes ts have shown that pellet temperature is not substantially 
different from the temperature of the fluidized mater ia l in the voids when 
good fluidization is maintained. 

With this technique higher oxygen concentrations (18 to 31 per ­
cent in nitrogen as compared with 4 to 8 percent) could be used to produce 
most of the oxide fines near the top of the oxidation zone. It is believed 
that oxidation of the pellets near the top of the oxidation zone facilitated 
the t ransport of uranium oxide (U3O8) fines to the upper (fluorination) zone. 
In Runs UOF-63 and -64, overall production rates of about 34 lb UF^/ 
(hr)(sq ft reactor c ross section) and overall fluorine efficiencies of about 
51 percent were obtained. Higher rates and efficiencies were achieved in 
major portions of each of these batch runs. These resul ts and the generally 
satisfactory operational performance indicated that short processing time 
with satisfactory fluorine efficiency and freedom from caking could be 
achieved with the two-zone scheme of operation. 

Two-zone Operation with Temperature Gradients and Gas 
Pulsing 

During this quarter , a ser ies of two-zone oxidation-fluorination 
runs (UOF-65, UOF-66, and UOF-67) have been made to evaluate the effects 
of gas pulsing and longitudinal temperature gradients in the pellet-bed 
(oxidation) zone as methods of improving rapid t ransport of fines from the 
oxidation zone to the fluorination zone. A schematic diagram of the gas -
pulsing apparatus and of the fluid bed reactor arrangement for two-zone 
operation is shown in Figure II-4. 

Operational difficulties were encountered in these runs because 
of the formation of an excessive quantity of uranium oxide fines. This led 
to a termination of the runs before their completion. In Run UOF-66, the 
production of an excessive amount of fines resulted in the formation of 
intermediate fluoride compounds and in the accumulation of fines on the 
cone of the disengaging section of the fluid-bed reactor . In Runs UOF-65 
and UOF-67, the accumulation of fines at the fluorine inlet resulted in the 
formation of a plug in the fluorine mlet line. The three runs differed from 
previous thermal-gradient fluorination runs in two respec ts : (a) Blue 



Label Alundum* (a high-purity grade), rather than the Type 38 Alundum 
used formerly, was used in Run UOF-65 and subsequent runs, and (b) puls­
ing was used in Run UOF-66 and subsequent runs. The operating conditions 
and the results of Runs UOF-65, UOF-66, and UOF-67 are given in 
Table II-9. 

Figure II-4 
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For Run UOF-65, with the fluid bed at 500 G, a temperature 
gradient was established in the pellet bed such that the top layer of pellets 
was at 390 C and the bottom of the pellet bed was at 310 C. This thermal 
gradient was poor when compared with gradients obtained in previous runs 
(see ANL-6648, p. 137), in which the temperature of the upper layer was 
about 400 C and that of the bottom was about 140 C. The major significance 
of the difference in these temperature gradients is that in Run UOF-65 the 
average temperature of the oxidation zone was higher, and this higher tem­
perature caused more rapid oxidation and higher rates of production of 
U3O8 fines. High concentrations of these fines tend to lower the ra tes of 
heat transfer, and thus may have been responsible for the failure to achieve 

*A product of the Norton Company, Worcester , Mass. 
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the desired temperature gradients of the bed in the longitudinal direction. 
The la rge-s ize Alundum used in this run is also less favorable for high-
quality fluidization in a bed with a high concentration of fines. The poor 
gradient may have been caused by the larger size Alundum grains present 
in the as-purchased Blue Label Alundum. Part ic le size distributions for 
the mixtures of Alundum used in these two-zone oxidation-fluorination runs 
are shown in Figure II-5. Thus, in Run UOF-65, the excessive production 
of fines is attributed to the use of 23 percent oxygen in nitrogen combined 
with the rather high initial temperatures of the pellets. The plugging of 
the fluorine inlet is attributed to the introduction of fluorine in an undiluted 
s t ream and to the high concentration of fines present in the fluid bed. 

Table n-9 

OPERATING CONDITIONS AND RESULTS FOR TWO-ZONE OXIDATION-FLUORINATION OF 
URANIUM DIOXIDE PELLETS WITH A THERMAL GRADIENT THROUGH THE PELLET BED 

Weight o( Pellets: 8.8 kg 
Pellet Bed Height: 12 in. 

Blue Label Alundum Charge: 
Weight (kg) 
Static Height above Pellets (in.l 
Size Limit (US mesh) 

Pulsing Conditions 
Pressure (psig) 
Duration (sec) 
Frequency (pulses/min) 

Oxidation Zone 
Pellet Bed Thermal Gradient IC) 

Comments 

Gas Flow (cfm at 25 C and 1 atm) 
Oxygen Concentration in Nitrogen (percent) 

Fluorination Zone 
Temperature (C) 
Total Gas Flow (cfm at 25 C and 1 atm) 
Fluorine Concentration (percent) 
Superficial Velocity at 500 C (ft/secl 

Run Duration (hr) 

Maximum UF^ Production Rate lb/(hrl(sq ft) 

Operational Difficulty 

Cause of Run Stoppage 

^Temperature of fluorination zone decreased to 4[ 

8.1 
24 

-40 +120 

-
-
-

390-310 
Poor; Temperature 

too high 

1.3 
23 

500 
1.4 

12 
1.2 

7.5 

30 

F2 inlet 
plugged 

Excessive 
U^Og Fines 

JO C and thermal gradient 

8.1 
24 

-40 +170 

20 
0.3 

1,2. and 6 

395-2603 
Satisfactory 

without 
pulsing 

1.3 
22 

500S 
1.4 
6.8 
1.2 

13.5 

31 

Intermediate 
fluoride 

compound 
formation 

Fines accumulation 
in disengaging 

section 

changed to440 to 380 C when pul: 

6.1 
16 

-40 +170 

20 
0.04 
2 

400-260 
Satislactory 

with pulsing 

1.0 
20 

500 
1.1 

11 
1.0 

1.5 

13 

F2 inlet 
plugged 

Excessive 
UjOg Fines 

iing was started. 

For Run UOF-66, the Blue Label Alundum mixture was formu­
lated to approximate the particle size distribution of Type 38 Alundum 
(see Figure II-5). A satisfactory temperature gradient of 395 to 260 C 
was established in the pellet bed at the beginning of the run. However, the 
starting of the gas pulsing appeared to disrupt the temperature gradient 
and the desired gradient was not re-established. Also, the temperature in 
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the fluorination zone decreased from 500 C to 450 C as a resul t of the gas 
pulsing. The combination of a reduced fluorination temperature and an 
increased oxidation temperature (see Table II-9) resulted in increased 
formation and accumulation of oxide fines in the pellet-bed zone and the 
formation of intermediate uranium fluorides (mostly UO2F2) in the fluori­
nation zone. The entire pellet bed was oxidized during the run, but about 
40 percent of the initial charge had accumulated on the cone of the d is ­
engaging section in the form of uranyl fluoride and uranosic oxide fines. 
This rather high accumulation of fines is attributed in par t to the introduc­
tion of relatively large quantities of pulse gas (about 0.04 cu ft of nitrogen 
with each 0.3-sec pulse). The temperature of 200 C in this portion of the 
disengaging section was too low to allow removal of this mater ia l by fluo­
rination. External vibration of the column was not used to return the ura­
nium fines to the reactor proper. 

Figure II-5 
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In Run UOF-67, the pulse duration was reduced from 0.3 to 
0.04 sec (through use of a Microflex* reset t imer) . Pulsing of the pellets 
was started before the reactor reached operating tempera tures , and no 
difficulties were encountered with the thermal gradient through the pellet 
bed. The Alundum bed height was decreased from 24 to 16 in. to increase 
the freeboard above the fluid bed in an effort to reduce fines elutriation 
to the fluorinator disengaging section. The use of 20 percent oxygen in 
nitrogen, which produced uranosic oxide fines at a rapid rate, and the 
improved fines t ranspor t from the pellet bed, which was brought about 
by the pulsing operation, resulted in an accumulation of an excessive 
amount of oxide fines in the fluorination zone and caused the fluorine 
inlet to plug after 1.5 hr of operation. 

Although Runs UOF-65, -66, and -67 were not car r ied to 
completion, they served to provide information on operating conditions: 

1. In these runs oxidation rates were too high, leading to ex­
cessive concentrations of fines. In Runs UOF-65 and -66 
this was shown by poor temperature control resulting from 
poor quality of fluidization. 

2. Pulse gas rate was too high in Run UOF-66, resulting in 
excessive lowering of the temperature for the fluorination. 
However, the pulse gas rate appeared satisfactory in 
Run UOF-67. 

3. The introduction of undiluted fluorine into the upper (fluo­
rination) zone in these runs (with high concentrations of 
uranium fines) led to plugging of the inlet line. Plugging 
is circumvented by dilution of the fluorine with nitrogen 
or oxygen pr ior to admission of the gas to the fluorination 
zone. 

Two-zone Reactor Operation with Gas Pulsing and Dilution of 
Inlet Fluorine 

On the basis of the experience gained in the runs described in 
the previous section, two runs (UOF-68 and UOF-69) were made in which 
relatively low concentrations of oxygen (4.5 and 6.0 percent in nitrogen) 
were used in the oxidation zone. In these runs, no attempt was made to 
establish or to maintain a definite temperature gradient in the pellet bed. 
In addition, the fluorine admitted to the reactor was diluted by part ial r e ­
cycle of the process off-gas at a constant recycle rate of 0.25 cfm. Off-
gas recycle was used in this instance pr imar i ly to maintain adequate gas 
velocity in the fluorine-injection tube to the reactor and not as a means of 
increasing fluorine efficiency, since less than 20 percent of the off-gas 
was recycled. 

•Product of Eagle Signal Company, Moline, Illinois. 



In Run UOF-68, the effect of fluorine input rate, gas pulse 
pressure and external column vibration was determined by the response 
in the production rate for uranium hexafluoride. External vibration of the 
column was used to return fines from the disengaging section to the fluo­
rination zone. The fluidizing gas in the oxidation zone contained 4.5 per ­
cent oxygen in nitrogen. The operating conditions and the production rates 
for uranium hexafluoride for Run UOF-68 are given in Table 11-10 and 
Figure II-6. As these data indicate, the fluorination of the 12-in. bed of 
pellets was carr ied to completion with very promising resul ts . 

OPERATING CONDITIONS AND RESULTS FOR RUN UOF-68, A TWO-ZONE OXIDATION-FLUORINATION 
OF URANIUM DIOXIDE PELLETS WITH GAS PULSING 

UO2 Pellet Charge: 

Alundum Charge: 

Temperatures: 

Pulsing Conditions; 

Oxygen Diluent: 

Fluorine Diluent: 

Run Time: 

Overall Fluorine Effi 

Weight: 8.8 kg 
Bed height: 12 in . 

Weight: 7.1kg 
Static height above pellets: 20 in . 
Size limits (U. S. meshi: -40 +170 

Fluorination zone lAlundum): 500 C 

Oxidation zone IpelletsI: 3104 T< 490 C 

Duration; 0.04 sec 
Frequency; 2 pulses/min 

Nitrogen 

Process o((-gas 10.25 cfml 

15 br 

ciency: 64.5% 

Fluorination Zone 

Major 

Periods^ 
Ih r l 

3-8.5 
9.5-11 
12-13 

Total 
(cfm) 

0.9 
0.9 
0.9 

4.5 
4.5 
4.5 

Total 
(ciml 

L3 
1,3 
1,4 

Average F j 
in Reactor 

12.6 
14.3 
14.3 

Average F2 
in Off-gas 

( t l 

3.0 
0 
0 

Gas Pulse 
Pressure 

(psig) 

15 
20 
20 

External 
Column 

Vibration 

No 
No 

Average 
Fluorine 

Utilization 
Efficiencyb 

(%l 

60.5 
100 

>100C 

Average UF(, 
Production Rate 
[ I t / lb r l l sg [II] 

35 
73 
97 

aThese are the major periods of stable operating conditions. Start-up and transit ion periods are not shown because they do not describe typical behavior. 

DFIuorlne efficiency • ioo|"3(m°le UFi,produceO/brl j 
' L (mole F2 led/hr) J 

CThe greater than 1007= efficiency is attributed to the accumulation of intermediate f luoride compounds in the preceding period. 

The initial period of fluorination proceeded smoothly with a 
gas-pulse manifold pressure of 15 psig, and resulted in an average uranium 
hexafluoride production rate of 35 lb UF6/(hr)(sq ft) and an average fluo­
rine utilization efficiency of 60.5 percent. When the gas-pulse pressure 
was increased to 20 psig after 8.5 hr of operation (see Figure II-6), the 
uranium hexafluoride production rate increased to 73 lb UF6/(hr)(sq ft) at 
a fluorine utilization efficiency of 100 percent. When external column 
vibration was begun after 12 hr of operation, a further increase in the ura­
nium hexafluoride production rate, to 97 lb UF6/(hr)(sq ft), was obtained. 
Since external vibration of the column is effective in returning accumulated 
fines from the disengaging section to the fluorination zone, it was concluded 
that fines had been elutriated from the fluid bed. The fluorine efficiency 
to form uranium hexafluoride was greater than 100 percent during the 
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first hour of column vibration, according to the overall reaction U30g + 
9 F2 -" 3 UF^ + 4 O2. This was an indication that the accumulated fines 
contained significant quantities of intermediate uranium fluoride com­
pounds. Since the average production rate for uranium hexafluoride 
doubled in response to an increase in the manifold pulse p ressure (from 
15 to 20 psig), this was also an indication that the t ransport of oxide fines 
from the oxidation zone had increased. 

Figure II-6 
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The entire batch of uranium dioxide pellets (8.8 kg) was fluo­
rinated in 15 hr. The initial 13.5 hr of operation were carr ied out with 
fluorine which was diluted by means of part ial recycle of the process off-
gas (0.25 cfm). During this period of operation, the average fluorine utili­
zation efficiency to form uranium hexafluoride was 66.5 percent. During 
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the final 1.5 hr of operation, the Alundum fluid bed was cleaned up with 
fluorine (enriched to nearly 100 percent fluorine). Total off-gas recycle 
was used to conserve fluorine losses ; however, the cleanup step reduced 
the overall fluorine efficiency for the run (UOF-68) to 64.5 percent. 

In Run UOF-69 the operating conditions (see Table I I - l l ) were 
similar to those for Run UOF-68. However, the oxygen concentration was 
increased from 4.5 to 6 percent in nitrogen and the manifold pulse pressure 
was 20 psig. The operating conditions and the uranium hexafluoride produc­
tion rates for Run UOF-69 are shown in Table I I - l l and Figure II-7. 

Table n - l l 

OPERATING CONDITIONS AND RESULTS FOR RUN UOF-69, A TWO-ZONE OXIDATION-FLUORINATION 
OF URANIUM DIOXIDE PELLETS WITH GAS PULSING 

UO2 Pellet Charge: 

Alundum Charge: 

Temperatures: 

Pulsing Conditions: 

Oxygen Diluent: 

Fluorine Diluent: 

Run Duration: 

Weight: 8,8 kg 
Bed height: 12 in. 

Weight: 7.1 kg 
Static height above pellets: 20 in. 
Size limits (U, S, mesh): -40+170 

Fluorination zone: 500 C 
Oxidation zone (pellets): 340 <T< 480 C 

Duration: 0,04 sec 
Frequency: 2 pulses/min 
Pressure: 20 psig 

Nitrogen 

Process Off-gas 10,25 cfml 

12,5 hr 

Overall Fluorine Efficiency: 72.5 percent 

Gas Flow 

Major 
Periods^ 

Ihr) 

1-4.5 

5,5-9 

Oxidation Zone 
Fluorination Zone 

Total 
(cfml 

0.9 

0.9 

02 

(%) 
6,0 

6.0 

Total 
Icfml 

1,3 

1,4 

Average F2 
to Reactor 

(%) 
12,0 

16.6 

Average F2 
in Off-gas 

1%) 

2.4 

0 

Average Fluorine 
Utilization 
Efficiencyb 

(%l 

59,8 

100 

^These are the major periods of stable operating conditions, Start-up and transition periods are not 
shown because they do not describe typical behavior. 

''Fluorine efficiency = |nr3(mole UFft produced/hrl" 
L (mole F2 led/hrl 

Average UF5 
Production Rate 
[ib/lhrKsqft)] 

33 

The use of external column vibration early in the run (in the 
period from 4.0 to 5.5 hr; see Figure II-7) increased the production rate 
for uranium hexafluoride from 35 to 45 lb UFe/(hr)(sq ft) for a period of 
one hour, which indicated that little or no accumulation of fines occurred 
m the disengaging section of the column. The use of external column vi­
bration after the period (from 5.5 to 9.0 hr) of very high production rate 
L86 Ib UF6/(hr)(sq ft)] again indicated no accumulation of fines. 
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Figure II-7 
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During the period of 1 to 4.5 hr of operation in Run UOF-69, 
both the production rate for uranium hexafluoride [33 lb UF4/(hr)(sq ft)] 
and the average fluorine utilization efficiency to form uranium hexafluo­
ride (59.8 percent) was slightly higher than that for a similar period in 
Run UOF-68 (see Figures II-6 and II-7). However, in Run UOF-69, during 
the period from 5.5 to 9.0 hr, very high production ra tes for uranium hexa­
fluoride were achieved, which averaged 86 lbUF4/(hr)(sq ft) and reached a 
maximum of 107 lb UF£,/(hr)(sq ft) during the eighth hour of operation. 
These rates were accomplished without the use of external column vibra­
tion and at 100 percent average fluorine utilization efficiency to form ura­
nium hexafluoride. Fluorine input to the reactor was not increased during 
this period because of brief (5-min) periods of local temperature r ise (and 
return) at a thermowell located just above the fluid bed. Five of these tem­
perature pulses, which reached a maximum temperature of 690 C, were r e ­
corded during the period from 6.5 to 7.5 hr. 



In this run (UOF-69), the overall processing time for the 12-in. 
bed of pellets (8.8 kg) was 12.5 hr. The reaction was essential ly complete 
in 10 hr of operation. During this period, an average fluorine utilization 
efficiency to form uranium hexafluoride of 74.9 percent was achieved with 
once-through gas flow and with dilution of the inlet fluorine by a part ia l 
off-gas recycle (0.25 cfm). During the additional 2.5 hr of operation, the 
Alundum bed was cleaned up with fluorine (enriched to nearly 100 percent 
fluorine) by means of total off-gas recycle. This cleanup step reduced the 
overall fluorine efficiency for Run UOF-69 to 72.5 percent . 

For complete fluorination of a 12-in. bed of pellets . Run UOF-69 
established the shortest total processing time (12.5 hr) yet achieved in these 
fluorination studies. In addition, the overall fluorine efficiency of 72.5 per­
cent approached the current process objective of 75 percent, and uranium 
hexafluoride production rates were well in excess of the nominal objective 
of 50 lb UF^/(hr)(sq ft) which was previously established with a 6-in. bed 
of pellets. 

The resul ts from Runs UOF-68 and UOF-69 give further evi­
dence that gas pulsing is an effective method of promoting fines t ransport 
from the oxidation zone (pellet bed) to the fluorination zone. The simplicity 
of a gas-pulsing method also makes this method of obtaining satisfactory 
fines transport more desirable than the use of controlled temperature 
gradients in the reactor . With the use of gas pulsing, it appears that the 
major process objectives of short batch processing time with high fluorine 
efficiency and freedom from caking can be attained under pract ical operat­
ing conditions. 

Analysis of the Two-zone Operation and the Control of Forma-
tion of Intermediate Uranium Fluoride Compounds 

In the fluorination of uranium dioxide pellets by the two-zone 
method of oxidation-fluorination, uranium hexafluoride is produced from 
uranosic oxide fines which are formed in the pellet bed (oxidation zone). 
The fines are transported from this zone to the upper fluidized zone where 
they are reacted with fluorine. It is evident, therefore, that the rate of 
uranium hexafluoride production is dependent upon the rates of oxidation 
and fines transport from the pellet bed. If the rate of fines t ransport r e ­
mains constant, sufficient fluorine can be introduced to the fluorination 
zone to prevent an accumulation of intermediate fluoride compounds of 
uranium. However, if the quantity of uranosic oxide fines in the fluorina­
tion zone is suddenly increased, fluorine input must also be increased to 
prevent formation of the intermediate fluorides which may be formed by 
the following reactions: 

U308(s) + 3 F,(g) - 3 U02F2(s) + 02(g) (l) 

and 

U308(s) + 2 UF6(g) - 4 U02F2(s) + UF4(s) . (2) 
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The formation of solid fines by these reactions may increase the quantity of 
fines in the fluid bed to the point of lowered fluidization quality (see 
ANL-6596, p. 100) and higher elutriation of fines to the disengaging section 
of the reactor column. "When sufficient amounts of fluorine a re present in 
the fluid bed, fines accumulation is prevented by reaction of the intermediate 
fluoride compounds of uranium to uranium hexafluoride according to the 
following equations: 

• U F j s ) + F2(g) - UF6(g) (3) 

U02F2(s) + 2 F2(g) - UF(.(g) + 02(g) . (4) 

The overall fluorination reaction represented by Equations (l) through (4) 
is given by 

U308(s) + 9 F2(g) - 3 UFjg) + 4 02(g) . (5) 

Operationally, several alternative means are available to test 
whether formation of intermediate fluoride compounds is taking place. The 
rate of uranium hexafluoride production at constant fluorine input can pro­
vide an indication of net buildup of intermediate fluoride compounds in 
two ways: (a) If the rates of formation of intermediate compounds are r e l ­
atively high, and fluorine input is the rate-controll ing step for the overall 
p rocess , an increase in the fluorine input will provide an increase in u ra ­
nium hexafluoride production rate according to Equations (3) and (4). 
(b) However, if the amount of intermediate fluorides formed is relatively 
small and the formation of these compounds is the rate-controll ing step, 
the rate of uranium hexafluoride production will increase slightly or not 
at all in response to the increased fluorine input. A second method of 
following the reaction is by comparison of the fluorine efficiency to form 
the hexafluoride and the overall fluorine efficiency (total fluorine consump­
tion in the reactor) . Net intermediate fluoride formation would be indicated 
by an excess of the overall fluorine efficiency over the efficiency to form 
uranium hexafluoride. 

These operational analyses were car r ied out in the operation 
of Runs UOF-68 and -69, and the actual program of increased fluorine 
input for these runs is shown in Figures II-6 and II-7. In general , the 
fluorine rate increases and the fluorine efficiencies indicated that forma­
tion of intermediate fluoride compounds was not significant during the early 
portions of the runs. This condition was maintained during the batch runs 
by providing higher fluorine-input ra tes whenever the above tests gave 
positive indications of intermediate fluoride formation or whenever u ra ­
nium hexafluoride production showed a sudden increase . 

With the present equipment, continuous weights of the collected 
uranium hexafluoride product are obtained, and measurement of fluorine 
efficiency to the hexafluoride is available fairly quickly. However, the 



efficiency of overall fluorine utilization is determined by fluorine analysis 
of the process off-gas, and this analysis involves a time lag oi -^ to — hr . 
While an analysis is in p rogress , intermediate fluoride formation can in­
crease significantly and no indication of this condition can be obtained at 
the reactor control panel. Hence, there is a need to improve this feature 
of process control. Further instrumentation is planned to provide contin­
uous monitoring of unreacted fluorine in the process off-gas. 

2. Oxidative Separation of Uranium Dioxide Fuel from Stainless 
Steel Cladding 
(M. Baerns, J. Wehrle, and L. Marek) 

Studies have been started to determine the feasibility of r e ­
moving uranium dioxide pellets from stainless steel cladding by convert­
ing the uranium dioxide to uranosic oxide in a packed, fluidized bed. The 
conversion of the dioxide to U3O8 creates large internal s t r e s se s because 
of the differences in the densities of the two oxides and may result in the 
fragmentation of the pellets. The U3O8 fines formed during the oxidation 
can be elutriated from the oxidation zone to a fluorination zone by the 
oxidizing gas s tream. Thus, if this separation step is feasible, it could 
be incorporated into the two-zone oxidation-fluorination process for the 
production of uranium hexafluoride. 

A preliminary ser ies of five runs has been completed in which 
the batch charge for each run consisted of 40 one-in. lengths of simulated 
fuel segments. These were randomly packed in a 2- in . -diameter fluidized-
bed reactor. The simulated fuel segments were made by placing two dense 
uranium dioxide pellets (0.42 in. in diameter and in length) in each of the 
close-fitting stainless steel (Type 304) tubes (l-r-in. long by 0.5 in. OD by 
0.035 in. wall thickness). The ends of the cladding were open to simulate 
sheared fuel elements. Each of the runs was made with an 8-in.-deep 
(static condition) bed charge of simulated fuel segments and Alundum 
(740 g; -40 + 170 mesh). The height of the packed bed of fuel segments 
alone was about 6 in. In these runs, air was used to oxidize the uranium 
dioxide pellets, and the oxidation temperatures ranged from 350 to 450 C. 
Gas pulsing was investigated in two of the runs. 

A schematic diagram of the apparatus used in the runs is shown 
in Figure II-8. A 2-in.-diameter column was used to ca r ry out these 
studies. A perforated plate, which also served as a gas distr ibutor, was 
used to support the packed fluidized bed. The inlet a i r which was used for 
the oxidation of the uranium dioxide pellets and the fluid-bed reactor column 
were heated to establish the desired reaction tempera ture . The tempera­
ture inside the bed was measured and automatically controlled. The elu­
triated uranosic oxide fines that were formed during the reaction were 
separated from the off-gas in a filter system. The filtered fines were not 
returned to the fluid-bed reactor . Gas pulses were introduced into the 
column by means of a timed valve system. 
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Figure II-8 

EQUIPMENT FOR STUDYING OXIDATION OF 
STAINLESS STEEL-CLAD URANIUM 

DIOXIDE PELLETS 

FILTER SYSTEM 

ELECTRICAL 
RESISTANCE HEATERS 

PACKED-FLUIDIZED BED 

PREHEATER 

108-6531 

The experimental conditions and the results of the runs are 
shown in Table 11-12. In Run X02, which was carr ied out at about 350 C, 
the removal of 44 percent of the uranium dioxide from the cladding was 
achieved in 18.6 hr, a very low removal rate. A higher removal rate 
(52 percent) was obtained at 400 C (Run XOl) and at 450 C (Run X03); how­
ever, this rate of removal is also considered to be inadequate. 

In order to increase the rate of removal, gas pulsing was ap­
plied in Runs X04 and X05. During pulsing the fluidizing gas (air) was 
turned off, since previous studies showed that under these conditions the 
tubes were lifted and agitated by the gas pulses. Ten gas pulses of ni t ro­
gen in Run X04 and of air in Run X05 were introduced into the reaction 
column (below the distribution plate) every 15 min at a frequency of 
10 pulses /min and a pulse duration of 1 sec. The oxidation temperature in 
both runs was about 450 C. 

In Run X04, one hole, -^ in. in diameter, was drilled through 
the cladding of each of twenty simulated fuel segments in order to test 
whether perforation would affect the rate of oxide removal. The cladding 
of the remaining twenty of the simulated fuel segments in the batch charge 
was not perforated. Thus, the removal of uranium dioxide from both pe r ­
forated and unperforated cladding was tested in the same oxidation 
experiment. 



T a b l e 11-12 

OPERATING C O N D I T I O N S AND R E S U L T S O F OXIDATION RUNS FOR R E M O V A L O F 
URANIUM DIOXIDE F R O M S T A I N L E S S S T E E L C L A D D I N G " 

E q u i p m e n t : 2 - i n . - d i a m e t e r c o l u m n 

I n e r t Bed C h a r g e : 740 g of A l u n d u m , 
- 4 0 +170 m e s h 

Run No, 

XOl 

X02 

X03 

X04'^ 

X05'^ 

Weight of 
UO2 P e l l e t s ^ 

(g) 

775 

784 

793 

792 

796 

O x i d i z i n g G; 

T e m p e r a t u r e 
(C) 

400 ± 8 

350 + 5 

445 ± 5 

445 ± 5 

445 ± 10 

i s : A i r 

S u p e r f i c i a l 
V e l o c i t y 

( f t / s e c ; 

1,0 

0.95 

1.1 

1.1 

1.1 

G a s 
.b 

1 

T i m e of 
R e a c t i o n 

( h r ) 

5,45 

7,10 
18.6 

7.00 
12.5 

6 .00 

9 .00 

UO2 
R e m o v e d 

(%) 

52 

17 
44 

52 
80 

67d, 
7 2 . 5 * 

86 

E l u t r i a t e d 
F i n e s 

(%) 

18 

0.3 
8 

44 .5 

32 

53 

^Added a s f o r t y r a n d o m - p a c k e d p i e c e s of s i m u l a t e d s h e a r e d fuel s e g m e n t s w h i c h 
w e r e m a d e by p l a c i n g two UO^ p e l l e t s (of 0 . 4 2 - i n c h d i a m e t e r and l e n g t h ) in c l o s e -
f i t t ing s t a i n l e s s s t e e l t u b e s . T h e s e t u b e s w e r e open at bo th e n d s . 

^ C o r r e s p o n d i n g t o r e a c t i o n t e m p e r a t u r e and p r e s s u r e , 

^Gas p u l s e s introduced into bottonn of r e a c t o r c o l u m n . T e n g a s p u l s e s of n i t r o g e n 
in Run X04 and of a i r in Run X05 e v e r y 15 m i n at a f r e q u e n c y of 10 p u l s e s / m i n 
and a p u l s e d u r a t i o n of 1 s e c . 

' ^Remova l f r o m t u b e s in w h i c h a h o l e , ^ in . in d i a m e t e r , w a s d r i l l e d t h r o u g h the 

c l add ing w a l l . 

^ R e m o v a l f r o m t u b e s in which no ho le w a s d r i l l e d t h r o u g h the c l a d d i n g w a l l . 

In Run X04, about 70 percent of the uranium dioxide v/as r e ­
moved from the cladding in a reaction time of 6 hr. The perforation in 
the cladding did not affect the rate of removal of uranium dioxide. The 
amount of uranium dioxide removed was about equal for both the perforated 
and non-perforated cladding. In Run X05, a removal of 86 percent of the 
uranium dioxide was achieved in 9 hr. The uranium oxides were completely 
removed from one-third of the stainless steel tubes, while the remaining 
two-thirds of the tubes still contained solid residues of uranium oxides. 

The results of Runs X04 and X05 indicate that gas pulsing in­
creases the rate of removal of uranium oxide from the cladding; however, 
further experiments are necessary to establish optimum reaction conditions. 

The relatively uniform rate of removal of uranium oxide from 
cladding (see Figure II-9) may be used advantageously to feed the uranium 
oxide at a uniform rate to the fluorination zone of the two-zone reactor . 
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Further experiments are planned to investigate the feasibility of combining 
the oxidative decladding process with the fluorination process . 

Figure II-9 

EFFECT OF TEMPERATURE AND GAS PULSING 
ON REMOVAL OF URANIUM DIOXIDE FROM 

STAINLESS STEEL CLADDING 

Symbol 

o 
D 
A 

Run 
No. 

X04,5 
X02 
X03 

Reaction 
Temp 
(c) 

445 
350 
445 

Gas-
Pulsing 

Yes 
No 
No 

400 600 800 
REACTION TIME, min 

108-6532 

Some observations concerning the mechanism of removal of 
uranium dioxide from the cladding are of interest . In some of the tubes, 
after part ial removal of uranium dioxide there remained a solid, disk-
shaped layer of oxide residue which had the same diameter as the tube. 
In other tubes, there remained portions of uranium oxide residues which 
adhered to the tubing walls. These residues had an annular shape across 
the whole diameter , s imilar to that shown in Figure 11-10. The oxygen 
content of uranium oxide solid residue was determined by chemical 
analysis . 

In Runs XOl, X02, and X03, the oxygen:uranium ratios deter ­
mined for the residues were 2.30, 2.40, and 2.53, respectively. For com­
plete conversion to UjOg, the ratio is 2.67. Under the conditions of oxygen 
part ia l p re s su re and temperature used in these runs, rapid conversion of 



U02 to UjOg was expected; therefore, the possibility exists that UjOg is 
formed on the outer surface of the dense oxide residue in the cladding and 
is capable of preventing further oxidation of the residue. In this case the 
cladding may hold in and compress the U3O8 product. Further experiments 
will be made to find conditions for complete removal of the oxide from the 
cladding and to determine whether chemical reaction or mechanical con­
finement of the product is limiting the extent of removal. 

Figure 11-10 

OXIDE RESIDUE REMAINING IN SOME CLADDING 
SECTIONS AFTER AN OXIDATIVE SEPARATION RUN 

108-5891 Rev. 

3. Heat Transfer and Elutriation Character is t ics of Uranosic 
Oxide Fines in Fluidized Packed Beds 
(J. D. Gabor, D. L. Benzing,* E. D. Johanson,** and 
C. F. Lehmann) 

In the recovery of uranium from uranium dioxide pellets in the 
Direct Fluorination Process , intermediate uranium compounds, U3O5 and 
UO2F2, are formed which appear mostly as fine part icles (~4 to ZOl^ in 
mean diameter). The behavior of these fines requires careful consideration 

*Co-op student from the University of Detroit. 

**Co-op student from Northwestern Technological Institute. 
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because (l) they tend to be elutriated from the fluid bed fluorinator and 
(2) their presence tends to reduce heat t ransfer in the bed. Because of 
the high angle of internal friction of a fine powder, there is less tendency 
for the fine par t ic les to flow. Specifically, a fluidized bed containing too 
high a proportion of fines may not flow together to fill the void behind a 
bubble rising through the bed. This creates a path of low resis tance which 
lends itself to gas channeling and poor fluidization quality. However, be­
cause of the greater specific surface a rea of the fines, reaction rates are 
increased, and fines, therefore, may be an asse t to processing. In order 
to obtain additional information about the behavior of uranosic oxide (UsOg) 
fines under process operating conditions, a study of the heat transfer and 
elutriation charac ter i s t ics of the fines was made. These supporting studies 
were ca r r ied out with fluidized-bed reactor configurations s imilar to those 
used in the Direct Fluorination P r o c e s s . 

The fines used in these studies were produced in four runs by 
oxidation of uranium dioxide pellets with mixtures of air and nitrogen in a 
reactor which consisted of a 2- in.-diameter nickel pipe heated by external 
calrods. The elutriated fines were collected in a filter chamber in the 
process off-gas line. The filter was a bayonet type made of sintered nickel. 
The operating conditions and the resul ts of these runs are described in 
Table 11-13. Although the major objective of these runs was the preparation 
of uranosic oxide powder, the following observations concerning the general 
processing behavior during the oxidation of a bed of uranium dioxide pellets 
were noted: 

1. The absence of fluidizing mater ia l resulted in a heteroge­
neous system with poor temperature control. 

2. The formation of a cake f irs t occurred at the bottom of the 
pellet bed. This appears to be the result of rapid produc­
tion of fines which fill the voids between the pellets. The 
difficulty stems from the efficient removal of produced 
fines from the surface of the pellets. 

3. The use of lower oxygen concentrations, higher gas veloc­
i t ies, and a fluidizing mater ia l as bed diluent improved 
fines removal and counteracted the caking tendency. 

The size distribution of the uranium oxide fines was measured 
by a Coulter Counter,* and the average part icle diameter was shown to 
be approximately 4 /Ll. Alundum (-40 -H70 mesh; 85% -HOO mesh) was used 
as the inert fluidizing mater ia l for the bed diluent. 

•Product of Coulter Electronics , Inc., Chicago, Illinois. 



Table 11-13 

OPERATING CONDITIONS AND RESULTS OF URANIUM DIOXIDE PELLET OXIDATION RUNS TO PRODUCE URANOSIC OXIDE 

Equipment: 2-in.-diameter nickel column 

Inert Material: Alundum, Type 38, -40 +170 mesh (85% +100 mesh) 

Temperature: 500 C 

Fluidizing 
Gas 

No, 

UXl 

11X2 

UX3 

UX4 

(hrl 

t 

5,5 

3,5 

3,5 

U02 Bed 
Material 

Fines to 
whole 
l I M n , 
pellets 

Pellet 
tragments 
• 3/16 in-

1/Z-in. 
pellets 

pellet 
Iragments. 
* l / 8 In, 

UO2 Bed 
Height 
(in,) 

59 

24 

4 

13 

Alundum 
Bed Height 

l in-l 

0 

0 

16 

23 

Composition 

Air 
Iv/o) 

100 

50 

50 

50 

Nitrogen 
(v/ol 

0 

50 

50 

50 

Superficial 
Fluidization 

Velocity 
(fl/secl 

1 

1,5 

1,5 

1,5 

U30g Fines 
Elutriateda 

Igl 

1 

84 

70 

188 

Comments 

Rapid caking. 

Caking alter 2 hr. 
Good production. 

No caking, 20% con­
version of UO2 charge. 

Caking, Good production. 

^The elutriated material was part of the 11305 product; the balance of the product was obtained by 
screening out the unreacted material in the bed. 

Heat Transfer 

The characteristically high rates of heat transfer from a 
heater surface to a well-fluidized bed have been previously established 
(see Chemical Engineering Division Summary for July, August, Septem­
ber, i960, ANL-6231,pp. 111-116). In the present study, such film coef­
ficients were determined and taken as cr i te r ia for evaluating the fluidization 
quality for fluidized beds containing uranosic oxide fines of about 4-(U mean 
diameter. 

The heat transfer coefficients for the heater were studied as 
a function of the fluidizing air velocity and of the composition of the fluidized 
materials (uranosic oxide and alumina). Values of the heat transfer coef­
ficients were calculated by the usual formula 

q/A = h AT 

where 

q/A = average heat flux of the heater; 

AT = temperature difference between the heater surface and the 
fluid bed; 

h = heat transfer coefficient, Btu/(hr)(sq ft)(F) 
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A 3-in . -diameter by 6-ft-long glass column was used for both 
the heat t ransfer and the elutriation studies of the uranosic oxide fines. 
For the heat t ransfer studies, a sintered metal filter with a blowback sys­
tem was mounted in the column to prevent loss of fines from the system. 
A cylindrical heater , 2 in. long and -^ in. in diameter , was operated at 50 w. 
The heater wall temperature was measured by a thermocouple soldered in 
place on the side of the heater . The heater was positioned at the radial 
center of the column, and the bed temperature was measured by a bare-wire 
thermocouple which was located-r- in. from the heater surface. The heat 
t ransfer coefficients were calculated from the power and surface area of 
the heater , and the difference in temperature between the heater wall and 
the bed. Fluidization was accomplished by means of a metered gas flow 
distributed through a perforated bed support plate and a 3-in. layer of 
— -in. steel balls. Since pulsed gas flow of fluidizing gases has been shown 
to be effective in reducing channeling and improving solids agitation, a 
t imer and solenoid-valve system were installed on the column to cause a 
pulsed gas flow to be superimposed upon a steady flow of fluidizing gas. 
Both the fluidizing gas and the pulsing gas were air . 

For the f irs t of the tes ts , a 9-in.-deep bed of uranosic oxide 
fines alone (no Alundum present in bed) was used. The fluidization of the 
bed of fines, with and without gas pulsing, was observed visually. Without 
pulsing, the following conditions resulted: 

1. Agitation occurred only in the upper portion of the bed of 
fines; even at a fluidizing gas rate of 1.0 f t /sec the bottom 
of the bed remained stagnant. 

2. The inlet fluidizing gas was not evenly distributed, as indi­
cated by the channeling that occurred along several paths 
at the column wall. 

3. Channeling along the heater or column wall for gas veloc­
ities below 0.6 f t /sec was observed. 

With pulsing, the following conditions resulted: 

1. Agitation of the fines extended throughout the bed; in par ­
t icular, the fines at the interface of the steel balls and 
fines were in constant motion. 

2. Channeling was substantially eliminated by pulsing, as in­
dicated by visual observation. 

3. Although pulsing improved heat transfer at gas velocities 
above 0.2 f t / sec , the rate of pulsing did not have a signifi­
cant effect on the coefficient of heat t ransfer from the 
surface of an internal heater to the bed of fines. At gas 
velocities below 0.2 f t / sec , high pulse ra tes provided better 
heat t ransfer . 



It was also found that, because of the severe channeling which 
occurred when the fluidizing gas was not pulsed, reproducible heat t ransfer 
coefficients were not obtained for a bed of pure uranosic oxide fines. Alundum 
(-40 -H70 mesh) was then added to the bed of uranosic oxide fines in order 
to determine the amount of Alundum necessary to insure good fluidization. 
The proportion of Alundum was increased until it attained a concentration 
of 40 w/o. The heat transfer coefficients for a heater surface in a pulsed 
bed of uranosic oxide have been determined as a function of bed composi­
tion and superficial air velocity. These resul ts are shown in Table 11-14. 
The data in Table 11-14 show that the heat transfer coefficients increase 
slightly with increases in Alundum content and with increases in superficial 
gas velocity. 

Table 11-14 

HEAT TRANSFER COEFFICIENTS FOR HEATER SURFACE IN A 
PULSED BED OF URANOSIC OXIDE FINES. EFFECT OF 

ALUNDUM CONCENTRATION AND SUPERFICIAL 
GAS VELOCITY 

Bed Material: UjOs fines (~4-|U diameter) 
Alundum (-40 -1-170 mesh) 

Fluidizing Gas: Air 
Heat Transfer Coefficient, h, Btu/(hr)(sq ft)(F) 

Fluid Bed Composition^ 
Superficial 

Gas Velocity 
(ft/sec) 

O.I 
0.3 
0.5 
0.7 
0.9 

0 

34.9 
45.0 
49.2 

-
-

5 

38.5 
45.0 
49.1 
52.6 
56.0 

(w/o 

10 

39.1 
48.6 
52.6 
56.0 
56.0 

Al zOa)^ 

20 

39.1 
48.6 
56.0 
58.7 
70.4 

30 

46.1 
56.2 
58.7 
58.7 
67.9 

40 

44.4 
56.2 
58.7 
61.4 
67.9 

^Pulse rate for 0 w/o Alundum was 18 pulses /min. For all 
other concentrations it was 22 pulses /min. 

°Remainder - Uranosic oxide. 

No optimum values of the heat t ransfer coefficient h were 
measured over the range of conditions studied (O to 40 w/o Alundum and 
superficial gas velocities of 0.1 to 0.9 f t /sec) . Channeling of the bed was 
observed over the entire range of conditions, but apparently the pulsing 
was sufficient to promote heat transfer to an extent that variations of h 
with bed composition and gas velocity (considered to be the usual deter ­
minants of h) were insignificant. 
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In a subsequent se r ies of tes t s , the experimental procedure was 
modified. The initial bed consisted only of Alundum, and the proportion of 
uranosic oxide fines was increased in successive runs. The placement of 
thermocouples on the heater was also changed in that two thermocouples 
were welded to the heater surface, one at the top of the heater and one at 
the midpoint; a third thermocouple was positioned in the bed — in. from the 
heater . 

The heat t ransfer coefficients for a heater to a fluidized bed 
were determined as a function of fluid bed composition, gas pulsing of the 
fluidizing gas, and superficial gas velocity of the fluidizing gas. The cal­
culated values of the heat t ransfer coefficient are summarized in 
Tables 11-15 and II-I6 for the midpoint and the top thermocouple locations 
on the heater surface, respectively. Although the temperatures of the heater 
at the t"wo thermocouple locations could be reproducibly measured, system­
atic differences in the measured temperature levels at the t"wo thermo­
couple locations were obtained. These differences are reflected in the 

HEAT TRANSFEB COFFFICIENTS FOR HEATER SURFACE IMIDPOINTI IN FLUIDIZED BED 

MIXTURE OF U3Ca AND ALUNDUM. EFFECT OF FLUID BED COMPOSITION. 
SUPERFICIAL VELOCITY, AND GAS PULSING 

Fluidizing and Pulsing GaS: Air 

Bed Material: U3O3 fines i -4 - ; i d iame le r l 

A lundum: -40+170 

Heater: 1/2-in, diameter by 2 in , long 

Heat Transfer Coefficient h, BtuMfirl lsq flKFI 

Superficial 

Gas Velocity 
Ift/secl 

0.2 
a4 
a6 
0.8 
1.0 
1.2 
1.4 

Avg. 

Superficial 

Gas Velocity 
Ift/secl 

0.2 
0.4 

a6 
0.8 
1.0 
1.2 
1.8 

Without Pulsing 

Fluid Bed Composition 

Iw/o U30g|a 

With Pulsing 

125 pulses/min at pulse gas manifold pressure ol 10 psig; 
pulse durat ion, 0,3 seel 

Fluid Bed Composition 

Iw/o U30gl ' 

75 
75 
75 
72 
70 
68 

70 
74 
74 
74 
70 
70 

Avg. 

42 
54 
54 
54 
57 

59 
72 
73 
71 
69 

66 
67 
66 
64 
64 

54 
54 
54 
53 
51 

71 
70 
67 
66 
65 

Avg. 72 

3Refnainder • Alundum. 



HEAT TRANSFER COEFFICIENTS FOR HEATER SURFACE (TOP) IN FLUIDIZED BED 
MIXTURE OF U:iOg AND ALUNDUM. EFFECT OF FLUID BED COMPOSITION. 

SUPERFICIAL VELOCITY, AND GAS PULSING 

Fluidizing and Pulsing Gas: Air 

Bed Material: U3O8 fines M > d i a m e t e r l 
A lundum: -40+170 

Heater: 1/2-in. diameter by 2 in . long 

Heat Transfer Coefficient f i , Btu/(hr)(sq ftHF) 

Superliclal 
Gas Velocity 

llt/secl 

0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 

Avg. 

Superficial 
Gas Velocity 

Ift/secl 

0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 

Avg. 

0 

95 
192 
168 
159 
150 
146 
138 

150 

0 

159 
168 
168 
159 
150 
146 
146 

157 

5 

146 
192 
180 
159 
150 
150 
146 

160 

5 

168 
180 
168 
159 
146 
146 
146 

159 

10_ 

146 
192 
192 
180 
159 
159 
159 

170 

125 pulses/min 

10 

180 
180 
180 
168 
159 
159 
150 

168 

Without Pulsing 

Fluid Bed Composition 

Iw/o U308ia 

15 

138 
159 
200 
192 
180 
192 
180 

182 

With P 

at a pulse gas 
pulse durati 

20 

120 
138 
180 
192 
192 
192 
180 

174 

ulsing 

25 

98 
120 
159 
168 
168 
159 
168 

151 

manifold pressure of 25 

on, 0.3 seel 

Fluid Bed Composition 
Iw/o U3O313 

15 

180 
192 
192 
180 
180 
180 
16S 

182 

20 

168 
180 
192 
192 
180 
192 
168 

182 

25 

146 
159 
168 
168 
168 
168 
168 

164 

30 

84 
120 
132 
138 
146 
150 
130 

131 

psig; 

30 

98 
132 
138 
146 
146 
138 
146 

133 

68 
100 
117 
120 
125 
132 
132 

114 

35 

104 
117 
117 
120 
120 
120 
120 

117 

Avg, 

112 
161 
166 
164 
159 
160 
157 

Avg. 

150 
164 
165 
164 
156 
156 
152 

^Remainder - Alundum. 

values of the heat transfer coefficients and are attributed to the particular 
orientation of the heater and its mount. Accordingly, evaluation of the ef­
fect of fines concentration on the values of the heat transfer coefficient 
should be made separately for each thermocouple location. 

In Tables 11-15 and II-I6, the heat transfer coefficients h show 
a general tendency (at all superficial gas velocities, both with and without 
pulsing) to decrease as the fines concentration increases above about 
20 w/o. The usual effect of the heat transfer coefficient increasing with 
superficial gas velocity in the range from the incipient fluidization velocity 
(approx 0.2 ft/sec) to velocities several t imes higher is also seen. The 
data show that at low velocities the heat transfer coefficient is increased 
by the presence of fines and/or by pulsing. There appears to be little 
effect of pulsing on the value of the heat transfer coefficient for the range 
of 0 to 35 w/o UjOs fines in Alundum. Although large variations of the heat 
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t ransfer coefficient with fines concentration and superficial gas velocity 
a re not shown, some of the data suggest that a maximum value of h occurs 
at a superficial gas velocity of about 0.6 ft/sec and at about 15 w/o U30g 
fines in Alundum. The addition of U3O8 fines to the Alundum bed increases 
the spread in the size distribution of the fluidized mater ia l , which results 
in better fluidization quality. However, with excessive amounts of the 
fines, heat t ransfer decreases because of greater internal flow resis tance 
of the particulate solid being fluidized. 

Elutriation Studies 

In this study the elutriation ra tes for U3O8 from a mixture of 
U30g fines and Alundum part icles were studied as a function of fluidiza­
tion gas velocity, gas pulsing, and the presence (or absence) of a packed 
bed of — -in. -diameter by — -in. -long uranium dioxide pellets. All runs in 
this study utilized a standard measure of 3100 g of Type 38 Alundum 
(-40 +170 mesh) and 200 g of uranosic oxide fines (average diameter of 
4 11). 

The apparatus used for the study of the elutriation ra tes con­
sisted of the same 3-in.-diameter glass column which was used in the heat 
transfer studies. It was modified by removing the internal filter and plac­
ing it in a separate chamber in the process off-gas line. This filter chamber 
could be disconnected and weighed to determine the ra tes of U3O8 fines col­
lection. The bed height (static) for all the runs was about 18 in., and the 
initial reactor column freeboard (static) was 54 in. Humidified air was 
the gas used for pulsing and fluidizing. 

Experimental conditions were chosen for these runs which 
would be in the range encountered in the fluorination step of the Direct 
Fluorination P roces s . In Figure I I - l l , an increase in the elutriation of 
U3OJ is shown for increasing fluidization gas velocity (from-j to 1 f t /sec). 
In Figure 11-12, the elutriation rate for U3O8 fines as a function of pulse 
rate is shown. The gas-pulse manifold p ressure was 10 psig, and the 
fluidization gas velocity was -^ f t /sec in these experiments. The elutr ia­
tion rate of U3O8 fines doubled as the gas-pulse rate was increased from 
0 to 20 pulses /min. The duration of the pulse was kept constant at 0.3 sec. 
In Figure 11-13, an increase in elutriation of U3O8 is shown for increasing 
gas manifold pulse p ressu re (from 10 to 30 psig) at a constant gas-pulse 
frequency (lO pulses of 0.3-sec duration/min). 

The elutriation rate of U3O8 fines from a fluidized packed bed 
was also studied as a function of the uranium dioxide pellet-bed height, 
gas-pulse frequency, pulse gas manifold pressure , and Alundum particle 
size. Uranium dioxide pellets, of y -in. diameter by-|- in. long, were used 
for packing, and the fluidized mater ia l was composed of a mixture of U3O8 
fines {~4:-li diameter) and Type 38 Alundum (-H50 -170 mesh). Air, at a 



s u p e r f i c i a l f l u i d i z a t i o n v e l o c i t y of y f t / s e c , w a s u s e d a s t h e f l u i d i z i n g g a s 

i n t h e s e s t u d i e s . T h e r e s u l t s of t h e s e s t u d i e s a r e s h o w n i n F i g u r e s 1 1 - 1 4 , 

1 1 - 1 5 , a n d 1 1 - 1 6 . 

Figure II- l l 

ELUTRIATION OF U3O8 FINES FROM A MIXTURE 
OF U3O8 FINES IN FLUIDIZED ALUNDUM AS A 

FUNCTION OF FLUIDIZING GAS VELOCITY 

Equipment; 
Bed Material: 

Bed Height (static): 
Fluidizing Gas: 

3-in.-diameter glass column 
200 g U3O8 (~4-/ii diameter); 
3100 g Type 38 Alundum 
(-40 +no mesh) 
18 in. 
Air 

Figure U-12 
ELUTRIATION OF U3O8 FINES FROM A MIXTURE 

OF U3O8 FINES IN A FLUIDIZED BED OF ALUNDUM. 
THE EFFECT OF PULSE FREQUENCY 

Equipment; 
Bed Material: 

Fluidizing and 
Pulsing Gas: 

Gas Pulse Manifold 
Pressure; 

Superficial Gas Velocity: 
Pulse Duration: 

3-in.-diameter glass column 
200 g U3O8 fines (~4-fi 
diameter); 3100 g Type 38 
Alundum (-40 +170 mesh) 

Air 

10 psig 
2/3 ft/sec 
0.3 sec 

108-6534 
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Figure 11-13 

ELUTRIATION OF U3O8 FINES FROM A MIXTURE OF 
U3O8 FINES IN A FLUIDIZED BED OF ALUNDUM. 
THE EFFECT OF PULSE GAS MANIFOLD PRESSURE 

Equipment 
Bed Material: 

Fluidizing and 
Pulsing Gas: 

Pulse Duration: 
Superficial Fluidizing 

Gas Velocity; 
Gas Pulse Frequency; 

3-in.-diameter glass column 
200 g U3O8 fines (.-4-/X 
diameter); 3100 g Type 38 
Alundum (-40 +170 mesh) 

Air 
0.3 sec 

2/3 ft/sec 
10 pul5es/min 

108-6535 

F i g u r e s 11-14 a n d 11-15 s h o w t h a t t h e e l u t r i a t i o n r a t e s f o r UjOg 

f i n e s w e r e g e n e r a l l y l o w e r i n t h o s e r u n s i n w h i c h t h e f l u i d i z e d b e d w a s 

p a c k e d w i t h a b e d of u r a n i u m d i o x i d e p e l l e t s t h a n i n t h o s e r u n s i n w h i c h t h e 

f l u i d i z a t i o n w a s u n h i n d e r e d b y t h e p r e s e n c e of t h e p a c k i n g ( u r a n i u m d i o x i d e 

p e l l e t s ) . I n t h e t w o r u n s m a d e w i t h 1 8 - i n . - d e e p b e d s of u r a n i u m d i o x i d e p e l ­

l e t s , t h e c o m p o s i t i o n of t h e f l u i d i z e d b e d w a s t h e s a m e a s t h a t u s e d i n r u n s 

w i t h 9 - i n . - d e e p b e d s , b u t t h e a m o u n t of t h e U 3 O 8 - A l u n d u m m i x t u r e w a s a d j u s t e d 

s o t h a t t h e f l u i d i z e d - b e d p o r t i o n d i d n o t e x t e n d b e y o n d t h e t o p of t h e p e l l e t b e d . 

In o n e of t h e s e r u n s , g a s p u l s i n g w a s n o t u s e d . T h e r a t e of e l u t r i a t i o n of f i n e s 

i n t h i s r u n w a s v e r y l o w . T h e u r a n i u m d i o x i d e p e l l e t s a p p e a r t o i n h i b i t s o l i d s 

m i x i n g a n d h e n c e t h e t r a n s p o r t of t h e U3O8 f i n e s ; h o w e v e r , i t i s a p p a r e n t f r o m 

t h e r e s u l t s of t h e s e s t u d i e s t h a t t h i s e f f e c t c a n b e o v e r c o m e b y g a s p u l s i n g of 

t h e f l u i d i z i n g g a s . 

In t h e r u n s w h i c h i n v e s t i g a t e d t h e e l u t r i a t i o n r a t e of U3O8 f i n e s 

f r o m a p a c k e d f l u i d i z e d b e d a s a f u n c t i o n of t h e s i z e of t h e A l u n d u m p a r t i ­

c l e s , i t w a s f o u n d t h a t m a x i m u m e l u t r i a t i o n r a t e s w e r e o b t a i n e d w i t h A l u n d u m 

p a r t i c l e s w h i c h a v e r a g e d a b o u t 120 m e s h ( s e e F i g u r e 1 1 - 1 3 ) . W i t h l a r g e 

A l u n d u m p a r t i c l e s t h e r e i s a l o w e r m i x i n g r a t e a n d , h e n c e , l e s s t r a n s p o r t 

of t h e U30g f i n e s . W i t h t h e s m a l l e r A l u n d u m p a r t i c l e s , t h e i n t e r n a l f r i c t i o n 

of t h e f l u i d i z e d b e d i s i n c r e a s e d , w h i c h a l s o r e d u c e s s o l i d s m i x i n g a n d h e n c e 

h i n d e r s t h e e s c a p e of f i n e p a r t i c l e s . 
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Figure 11-14 

ELUTRIATION OF U3O8 FINES FROM A MIXTURE OF 

U,308 FINES IN FLUIDIZED ALUNDUM. THE EFFECT 

OF UO2 PELLET-BED HEIGHT AND GAS-PULSE 

FREQUENCY 

Equipment: 3 - in , -d iamete r glass column 

Bed Material; 200 g U3O8 fines (~4- /xd iamete r ) ; 

3100 g Type 38 Alundum 

(-40 +170 mesh) 

Fluidizing and 

Pulsing Gas; 

Superficial Fluidiz­

ing Gas Velocity: 

Gas Pulse Pressure: 

Pulse Duration; 

Air 

2 / 3 ft/sec 

10 psig 

0.3 sec 

108-6536 

Figure 11-15 

ELUTRIATION OF U3O8 FINES FROM A MIXTURE 

OF U3O8 FINES IN FLUIDIZED ALUNDUM. THE 

EFFECT OF PULSE GAS MANIFOLD PRESSURE AND 

UO2 PELLET-BED HEIGHT 

Equipment; 3- in . -d iameter glass column 

Bed Materiah 200 g UjOg fines (~4-M 

diameter); 3100 g Type 38 

Alundum (-40 +170 mesh) 

Fluidizing and 

Pulsing Gas; Air 

Superficial Fluidiz­

ing Gas Velocity: 2 /3 ft/sec 

Gas Pulse Frequency: 10 pulses/min 

Pulse Duration: 0.3 sec 
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Figure 11-16 

ELUTRIATION OF U3O8 FINES FROM A MIXTURE OF 
U3O8 FINES IN FLUIDIZED ALUNDUM IN A PACKED 

BED. EFFECT OF ALUNDUM PARTICLE SIZE 

Equipment: 
UO2 Pellet-bed 

Height: 
Bed Material: 

3-in.-diameter glass column 

9 in. 
200 g U3O3 fines (•^4-/2 diameter); 
3100 g Alundum 

Fluidizing Gas: Air 
Superficial Fluidizing 

Gas Velocity: 2/3 ft/sec 
No gas pulsing 

4 . P r o c e s s S t u d i e s o n t h e R e c o v e r y of U r a n i u m f r o m E n r i c h e d 

U r a n i u m - Z i r c o n i u m A l l o y F u e l s 

(N . L e v i t z ) 

D e v e l o p m e n t w o r k o n a f l u i d b e d - v o l a t i l i t y p r o c e s s f o r t h e r e ­

c o v e r y of u r a n i u m f r o m h i g h l y e n r i c h e d u r a n i u m - z i r c o n i u m a l l o y f u e l s i s 

c o n t i n u i n g . A l t h o u g h c u r r e n t w o r k i s o n z i r c o n i u m - b a s e d f u e l , d i r e c t a p ­

p l i c a t i o n of t h e p r o c e s s t o u r a n i u m - a l u m i n u m f u e l s w i l l s o o n b e s t a r t e d . 

T h e p r o c e s s i n v o l v e s t w o m a i n r e a c t i o n s - h y d r o c h l o r i n a t i o n of t h e a l l o y 

w h i l e t h e a l l o y i s s u b m e r g e d i n a n i n e r t f l u i d i z e d b e d ( t h e b e d m a t e r i a l 

s e r v i n g a s a h e a t t r a n s f e r m e d i u m ) , a n d a s u b s e q u e n t f l u o r i n a t i o n s t e p i n 

t h e s a m e p r o c e s s v e s s e l . T h e h y d r o c h l o r i n a t i o n s t e p e f f e c t s a s e p a r a t i o n 

of t h e u r a n i u m f r o m t h e z i r c o n i u m , w h i c h s u b l i m e s a s t h e v o l a t i l e t e t r a ­

c h l o r i d e ( s u b l i m a t i o n p o i n t , 3 3 1 C a t 1 4 . 7 p s i a ) ; t h e u r a n i u m r e m a i n s i n 

t h e r e a c t o r a s s e m b l y a s p a r t i c u l a t e t r i c h l o r i d e . U r a n i u m a n d o t h e r p a r ­

t i c u l a t e s o l i d s t h a t m i g h t b e e n t r a i n e d b y t h e o f f - g a s f r o m t h e m a i n r e a c t o r 

a r e r e t a i n e d i n t h e r e a c t o r a s s e m b l y b y a s t a t i c b e d of i n e r t g r a n u l a r m a t e ­

r i a l w h i c h s e r v e s a s a h i g h - t e m p e r a t u r e f i l t e r . D u r i n g t h e e n s u i n g f l u o r i n a ­

t i o n s t e p , t h e u r a n i u m i s v o l a t i l i z e d a n d r e c o v e r e d a s t h e h e x a f l u o r i d e 

( s u b l i m a t i o n p o i n t 5 6 . 5 C a t 1 4 . 7 p s i a ) . T h e w a s t e g a s e s a r e t r e a t e d , a n d 

t h e r e m a i n i n g i n e r t d i l u e n t g a s e s a r e d i s c h a r g e d t o t h e s t a c k . 



Process studies are being ca r r ied out in a bench-scale unit 
comprised of a ly - in . -d i amete r fluid-bed reactor section connected in 
ser ies with a I j - i n . - d i ame te r static-bed down-flow filter section. The 
gases flow downward through the lat ter section. Granular Alundum ( r e ­
fractory aluminum oxide from Norton Company) is being used as the bed 
mater ia l in both sections. Under all the process conditions tested, it has 
proven satisfactory (of prime importance, it has been found to be inert) . 

Work to date has proved not only that the process concept is 
feasible, but also that one of the major objectives, overall high (~99 per ­
cent) uranium recovery, can be achieved by proper control and sequencing 
of reactants. The work has been evaluated pr imar i ly on the basis of the 
quantity of uranium lost during the process steps, although actual high ura­
nium hexafluoride recovery has been demonstrated and uranium mater ia l 
balances have been good (for exannple, see ANL;-6648, p. 156, Table 29). 

Uranium is lost as particulate uranium solids passing through 
the packed-bed filter with the off-gas s t ream during hydrochlorination and 
as uranium remaining associated (chemically or physically) with the mate­
rial (Alundum) in the fluid bed and fixed bed after the cycle is complete. 
Losses due to incomplete filtration have been maintained at levels of 
0.2 percent or less when only hydrogen chloride was used as the chlorinat­
ing agent, although greater losses (up to several percent) have been sus­
tained when phosgene was used in addition to hydrogen chloride (see 
ANL.-6596, p. 150). Uranium loss due to retention by Alundum appears to 
be affected by changes in the chlorination and fluorination variables . Less 
uranium was retained when use was made of: (1) greater quantities of 
hydrogen chloride (in the range 4 to 25 t imes stoichiometric); (2) phosgene 
in addition to hydrogen chloride; or (3) higher final fluorination tempera­
tures (500 C as compared with 350 C and 400 C). The residual uranium 
values obtained in these studies were in the range from 0.2 to 1.3 percent 
of the initial uranium charge. 

Overall uranium losses for several process cycles carr ied out 
in succession can be reduced by re-use of the bed, since it has been found 
that with re-use of the bed the residual uranium concentration in the bed 
tends to become constant (see ANL-6543, pp. 149 to 150). When the same 
bed was used in five consecutive runs, the cumulative loss was 1.0 percent 
of the total uranium charged. Similarly, losses can be reduced if a single 
fluorination is used to recover the uranium accumulated in the beds from 
several successive hydrochlorinations. When three batches of alloy were 
so processed (see ANL-6648, p. 154), an overall loss of about one percent 
was sustained. 

Current work, involving the hydrogen chloride-fluorine cycle, 
is directed toward obtaining information about the optimum requirements 
for the overall process cycle. The results of this work are to be compared 
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directly with the resul t s of a previous run for which a four-reactant cycle 
(phosgene and hydrogen fluoride t rea tments , in addition to the above) was 
employed. In-line thermal conductivity cells continue to provide a means 
of following the course of both main process steps by measuring the con­
centration of key reaction products. 

In addition to the bench-scale process studies described above, 
investigations of other phases of the process are being advanced. Studies 
a re continuing in a 6-in.-diameter fluid-bed reactor on the conversion of 
zirconium tetrachloride to the dioxide by a pyrohydrolysis reaction with 
s team. This work is aimed at a method of disposal for the waste zirconium 
tetrachlor ide vapor produced during the hydrochlorination step. Currently, 
the feasibility of operating at higher, more practical tetrachloride feed 
ra tes than in the past is being explored. Construction work and prel iminary 
leak-test ing of a pilot-plant facility intended for demonstration of the 
uranium-zirconium alloy processing scheme is continuing; the installation 
is now about 75 percent complete. 

All of the above studies will involve nonirradiated fuel mater ia l ; 
reaction studies with highly i r radiated mater ia l a re planned for a bench-
scale unit now in prel iminary design stages. 

a. Hydrochlorination and Fluorination Reaction Studies on 
Uranium-Zirconium Alloy Fuels and Evaluation of Fixed-
bed Fi l te rs 
(D. Ramaswami, D. Goeser) 

Process development studies on the hydrochlorination and 
fluorination steps of a fluidization-volatility method for the recovery of 
highly enriched uranium from low uranium-zirconium alloy are in p rogress . 
These studies a re being car r ied out in nickel apparatus consisting of a 
fluid-bed reactor section and a down-flow, packed-bed filter section; both 
sections a re 1-^ in. in d iameter , and both contain beds of prefluorinated 

, 2 ^ 

Alundum (Norton Company). The fluidized bed of Alundum serves as the 
heat t ransfer medium for these highly exothermic react ions, while the 
packed bed of Alundum serves as a high-temperature filter for the re ten­
tion of particulate solids entrained from the fluidized bed. Details of the 
apparatus and associated equipment and the experimental procedure are 
described in a previous report (ANL-6569, pp. 114 to 118). 

Three 240-g batches of 5 w/o uranium-Zircaloy-2 alloy 
chips (— to i in. on a side) were processed in the current studies. The 
alloy was submerged in a 320-g bed of -40 +60 mesh, Type RR Alundum. 
The down-flow filter bed consisted of a layer (120 g) of -40 +60 mesh. 
Type RR Alundum sandwiched between two layers of coa r se r , -14 +20 mesh 
Type 38 Alundum (170 g above and 30 g below). The depth of each bed was 
about 6 in. The following run procedure was used: a single batch of alloy was 
charged to the reac tor , and reaction with hydrogen chloride proceeded until 



the m a j o r p o r t i o n of the a l loy w a s r e a c t e d (as d e t e r m i n e d by m e a n s of an 
i n - l i ne t h e r m a l conduc t iv i ty ce l l wh ich m e a s u r e s the h y d r o g e n con ten t of 
the off -gas s t r e a m ) . This rou t ine w a s r e p e a t e d for the s econd and t h i r d 
b a t c h e s of a l loy , excep t that r e a c t i o n of the final ba t ch w a s c a r r i e d to 
comple t ion . The u r a n i u m was then r e c o v e r e d by f luor ina t ion . The h y d r o ­
c h l o r i n a t i o n w a s c a r r i e d out at about 400 C. The f luo r ina t ion w a s c a r r i e d 
out, f i r s t , a t 350 C, and then a t 500 C. A s u m m a r y of the run cond i t ions 
and the quan t i t i e s of r e a c t a n t s u s e d is shown in Tab le 11-17. As ind ica ted , 
a p p r o x i m a t e l y four t i m e s the s t o i c h i o m e t r i c quant i ty of h y d r o g e n c h l o r i d e 
w a s fed dur ing the h y d r o c h l o r i n a t i o n p e r i o d , wh ich l a s t e d a to ta l of 20.5 h r . 
The quant i ty of f luor ine fed was r e l a t i v e l y high, about 27 and 100 t i m e s 
s t o i c h i o m e t r i c in the two f luor ina t ion p e r i o d s . O n c e - t h r o u g h flow w a s used 
for both r e a c t a n t s . 

Table 11-17 

HYDROCHLORINATION AND FLUORINATION OF 
URANIUM-ZIRCALOY ALLOYS, RUN 35 

Equipment: 

Alloy Charge: 

l4--in.-diameter reactor 
3 batches (240 g each) of 5 w/o uranium-
Zircaloy-2 alloy chips (i. to -^ in. on a side 

Reaction Bed: Alundum, Type RR, -40 +60 mesh, 320 g 
Down-flow filter bed: Alundum 

Top Layer: Type 38, -14 +20 mesh, 170 g 
Middle Layer: Type RR, -40 +60 mesh, 120 g 
Bottom Layer: Type 38, -14 +20 mesh, 30 g 

Type 

H C l 

H C l 

H C l 

Fz 

Fz 

Quantity 
(X s to ich iomet r ic ) 

0.32* 

0.55* 

3 . 1 3 * 

27.3b 

98.4^ 

T e m p e r a t u r e (C) 

Fluid Bed 

400 ± 25 

400 ± 25 

400 ± 25 

3 5 0 

5 0 0 

F i l t e r Bed 

4 0 0 

4 0 0 

4 0 0 

350 

5 0 0 

Time (hr) 

4.3 

3 . 9 

12.3 

2 

6<: 

R e m a r k s 

F i r s t batch of 
al loy 

Res idua l alloy 
f rom f i r s t batch 
plus second batch 

Res idua l al loy 
f rom prev ious 
ba t ches plus 
t h i rd ba tch . 

Stoichiometric amounts based on original alloy charge according to the 
reaction Zr + 4 HCl -* ZTCI^ + 2 Hj. 

Stoichiometric amount to convert the uranium in the initial charge into 
uranium hexafluoride. 

CLong fluorination times are used to evaluate the effect of time on 
residual concentration of uranium in the Alundum of the fluid bed. 
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Results 

The hydrogen chloride-fluorine reaction sequence as used 
in the current run (Run 35) appears to give about the same resul ts as those 
achieved in a previous run (Run 32), where a four-react ion sequence (hydro­
gen chloride, phosgene, hydrogen fluoride, and fluorine) was used. In the 
following tabulation, the runs a re compared on the basis of uranium losses : 

Weight Percent of Initial 
Uranium Charge 

Run 35 (HCl, Run 32 (HCl, 
F2 only) COCI2, HF, F2) 

Uranium found downstream of 
the filter bed after 
hydrochlorination 0.1 0.25 

Uranium retained by the Alundum 
in the fluid bed and filter bed 0.5 0.4 

The total uranium loss , about 0.6 w/o of the uranium charged in the 
three batches of alloy, is considered acceptable. 

Data obtained from the analysis of samples taken from the 
fluid bed at half-hour intervals during fluorination tend to confirm the 
previous observation (see ANL-6648, p. 166) that only one hour of fluori­
nation at 350 C and about 2 hr of fluorination a t 500 C are required in order 
to achieve acceptable residual uranium values. The uranium associated 
with the Alundum par t ic les in the fluid bed v/as reduced from an initial 
value of 1.04 w/o to 0.13 w/o during the 2-hr low-temperature fluorination 
period and was further reduced to 0.05 w/o during the f irs t hour of the high-
tempera ture fluorination period. The subsequent 5-hr, high-temperature 
period gave no further change in the concentration of uranium. 

Discussion 

Information on the progress of the hydrochlorination and 
the fluorination reactions is being obtained continuously by direct analyses 
of the off-gas s t r eams with thermal conductivity cells(equipment is de­
scribed in ANL-6569, p. 117). From this information, the rate of reaction 
and the efficiency of utilization of the reactant can be determined, as well 
as the extent of the reaction. 

In the current run, in which successive hydrochlorinations 
of uranium-Zirca loy alloy were ca r r ied out, analysis of the thermal con­
ductivity data indicated that (l) 70 percent of the f irs t batch of alloy was 
reacted before the second batch was charged, and a total of 79 percent of 



the alloy from the first two batches was reacted before the third batch was 
charged; (2) hydrochlorination of the alloy at ra tes of up to 90 g/hr was 
achieved, the average hydrochlorination rate during the constant-rate 
period being about 70 g/hr . Previously, the peak hydrochlorination rate 
was about 50 g/hr of alloy. Achievement of higher reaction ra tes was due 
directly to the use of higher concentrations of hydrogen chloride, made 
possible by an improved cooling system on the fluid-bed reactor . The im­
provements in the cooling system consisted pr imar i ly of a system for sup­
plying higher rates of air coolant. A still further improvement in the 
cooling system is planned, namely, the use of a two-phase coolant (gas 
plus entrained water droplets fed into the gas s t ream as a fine spray). As 
a consequence, even higher reaction rates may be attained. 

Prel iminary information obtained during the fluorination 
step indicates that about 90 percent of the uranium charged was recovered 
as hexafluoride during the first 30 min of the low-temperature (350 C) 
fluorination period. The remainder was collected during the subsequent 
1.5 hr. 

Future Work 

Future work includes plans to determine; (a) the effect of 
fuel shape on hydrochlorination rate of uranium-zirconium alloys (small 
plate fuel element assemblies will be used instead of chips); (b) the uranium 
distribution between the fluid bed and down-flow filter bed after hydro­
chlorination; this will be achieved by fluorinating each section separately; 
and (c) the effect on overall uranium behavior of the incorporation of s im­
ulated fission products into the fuel alloy. 

Application of this process scheme to the recovery of ura­
nium from uranium-aluminum alloy fuel appears straightforward; never­
theless, a program of studies is being planned to define the necessary 
processing conditions. An exploratory experiment with this mater ia l has 
already been carr ied through the hydrochlorination and fluorination steps 
without difficulty. Reporting of this experiment awaits the evaluation of 
the results . 

b. Fluid-bed Hydrolysis of Zirconium Tetrachloride 
(K. S. Sutherland, D. J. Raue) 

Zirconium tetrachloride vapor, which is a waste product 
of the hydrochlorination step in the proposed fluidization-volatility scheme 
for processing uranium-zirconium alloy fuels, must be converted to a 
stable solid form for satisfactory disposal (storage). One of the most 
stable forms is the oxide, and it is proposed that conversion of the t e t ra ­
chloride to the oxide be effected by using a hydrolysis reaction with steam 
in a fluidized bed. Previous work (see ANL-6596, pp. 154 to 156, and 
ANL-6648, pp. 169 to 172) has demonstrated the feasibility of carrying 
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out this reaction under a wide variety of operating conditions. Among the 
variables studied were bed tempera ture , initial bed mater ia l and particle 
size, run duration, and feed-gas composition. The zirconium tetrachloride 
feed ra tes used to date (up to about 3 kg/hr) have been lower than those 
contemplated for the proposed pilot plant (see ANL-6543, p. 153). Accord­
ingly, the work being reported herein has been concerned pr imari ly with 
operation at feed ra tes which were about two t imes greater than those used 
previously. 

The major components of apparatus have been described 
previously (see ANL-6569, pp. 118 to 119). The equipment incorporates a 
vibrating screw feeder which supplies solid zirconium tetrachloride to a 
sublimation furnace, from which the vapor is car r ied in a s t ream of ni-
t rogeninto the fluidized bed. Equipment modifications incorporated in the 
current period involved (l) installation of a larger feed screw (of T"i'^-
diameter instead of —"in. diameter) on the Vibra-Screw solids feeder in 
order to accommodate runs at higher tetrachloride feed rates and (2) r e ­
locating the feeder to a position directly above the sublimation furnace. 
The latter change was made in order to reduce the length of line through 
which solids had to be carr ied; the solid tetrachloride was entrained by 
the c a r r i e r nitrogen s t ream at a point immediately adjacent to the entry 
flange of the furnace, and the r isk of feed line blockages is thereby 
reduced. 

The operating conditions for the four main tests performed 
in the period covered by this report are given in Table 11-18. As indicated, 
higher tetrachloride feed ra tes , 4.1 to 5.1 kg/hr , were used, as compared 

Table 11-18 

FLUID-BED HYDROLYSIS OF ZIRCONIUM TETRACHLORIDE 

Operat ing Conditions 

Equipment : 6 - i n . - d i a m e t e r f luidized-bed r e a c t o r 
Init ial Bed Weight: 20 kg 
Bed T e m p e r a t u r e ; 350 C 
F i l t e r Blowback P r e s s u r e : 50 psig 
C a r r i e r Gas : Nit rogen 
C a r r i e r Gas Flow Rate: 3 cu f t /min ( m e a s u r e d at 20 C and 14 psia) 

Initial Bed Ma te r i a l 
R u n 

N o . 

R u n 

Durat ion 
(hr) 

ZrCl4 
Feed Rate 

(kg /hr ) 
Steam Rate 
( X stoich) 

CO-45 3 4.1 3.6 F r e s h l y c rushed sand, 
83.5 pe rcen t -20 +200 m e s h 

CO-46 2 - 5.1 2.9 Final bed from CO-45 
4 

CO-47 2— 4.4 3.5 F r e s h l y c rushed sand, 
96.5 pe rcen t -100 m e s h 

CO-48 5— 4-1 3-^ Final bed from CO-47 



with previous rates of 2 to 3 kg /hr . As the runs proceeded, greater p ro­
portions of fines were found in the bed, and it became apparent that at these 
higher feed ra tes , the major portion of the tetrachloride was converted to 
fine particulate solids instead of reacting on and adhering to the surface 
of the bed part ic les . If excessive quantities of fines were to build up in 
the bed during a prolonged run, gas channeling would occur. When channel­
ing, which is associated with poor solids mixing, occurs, the near- isothermal 
conditions in the bed are no longer maintained and temperatures at different 
levels in the bed begin to deviate from their normal uniform value. 

It was of interest , therefore, to determine whether beds 
comprised of fine mater ia l would be operable for extended periods of time. 
In order to simulate such a bed during the later stages of a long run, a 
bed of fine sand (96.5 percent passing 100 mesh, 78 percent passing 
200 mesh) was prepared and used as the starting mater ia l in Run CO-47; 
the final bed of this run was then used for Run CO-48. For comparison, 
the sand used in Run CO-45 had 83.4 percent between 20 and 200 mesh 
and 50.6 percent between 60 and 200 mesh. 

Results and Discussion 

The four runs were all completed satisfactorily as indicated 
by; 

a) no pressure increase across the exit gas f i l ters; 

b) complete conversion of the zirconium tetrachloride vapor to 
zirconium oxide (as indicated by the absence of zirconium in 
the off-gas condensate s t ream); 

c) no caking of the bed; 

d) reasonably good mater ia l balances for each run. 

However, in all runs, a large proportion of the oxide produced in the reac­
tion was fine material of less than 200 mesh. The amount appearing as 
fines varied between 60 and 100 percent of the weight of oxide equivalent 
to the tetrachloride fed to the hydrolysis reactor . 

Near the end of Run CO-48, a temperature spread of up 
to 20 degrees developed, whereas normally the spread is only a few de­
grees . This is indicative of gas channeling and poor solids mixing. 

The starting bed of fine sand was used for a total operat­
ing time of about 8y hr (both Runs CO-47 and CO-48). Thus, the expected 
limit of operation for a bed of fine mater ia l is about 8 hr at tetrachloride 
feed rates of 4 to 5 kg/hr . No such limitation in bed operating time was 
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indicated by the resul ts of Runs CO-45 and CO-46, for which somewhat 
coarse r starting mater ia l was used. The total of the operating times for 
these runs was about 5 hr . Subsequent efforts will therefore be devoted to 
a determination of the operating limits of a bed of coarser mater ia l . 

The pr imary interest has been the successful demonstra­
tion of the process under a wide range of process conditions. Although 
fines production has occurred in most tes ts , in no case has the buildup of 
fines prevented the successful operation of the process ; hence no special 
effort has been made toward finding means of preventing fines formation. 

Process Design Work for the Fluoride Volatility Pilot 
Plant for Recovery of Uranium from Zirconium Alloy 
Fuels 
(N. Levitz, J. Barghusen, J. Holmes, C. SchoffstoU, 
W. Kremsner) 

A pilot-plant facility (see Figures 11-17 and 11-18) for 
demonstrating the fluid bed-volatility scheme for processing highly en­
riched uranium-zirconium alloy fuels is being installed. The installation 
is currently about 75 percent complete. The remaining work, concerned 
pr imari ly with extension and tie-in of copper pneumatic run-outs from the 
panelboard to process vessels and instrumentation, will be completed dur­
ing the next quar ter . Leak-testing and shakedown of the equipment is being 
carr ied on concurrently with the final installation work. 

H E A T E R S ^ ^ ^ 
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Rela ted Studies - Loading the Fue l 

P r o c e s s i n g of u r a n i u m - z i r c o n i u m al loy fuel by the fluid 
bed-vo la t i l i ty method involves r e a c t i o n of the fuel e l e m e n t whi le it i s s u b ­
m e r g e d in a f luidized bed of i n e r t s o l i d s . In the c u r r e n t p r o c e s s concept , 
the bed wi l l be r e - u s e d s e v e r a l t i m e s . R e m o v a l and r e load ing of the bed 
for s u c c e s s i v e r e a c t i o n cyc l e s wi l l not be p r a c t i c a b l e ; thus a s c h e m e m u s t 
be dev i sed for in t roducing the fuel e l e m e n t d i r e c t l y into the r e a c t i o n zone 
while the bed is p r e s e n t . 

Ini t ial loading of the fuel e l e m e n t onto the top of the bed 
while the bed is in a s t a t i c condi t ion does not a p p e a r difficult . An i n v e s ­
t iga t ion has been m a d e of a m e t h o d for s u b m e r g i n g * the e l e m e n t in the 
fluid bed. 

='-Siiice the fuel element is more dense than the fluidized bed, the element will drop through the bed by 
virtue of displacement of the bed particles. In contrast, a static bed will support the dense element 
since the packed particles cannot be displaced. If the element were allowed to drop through the 
fluidized bed, impact damage to the reactor might result. 
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The method that was conceived involves pulsing the bed 
with short-durat ion (^^0.5 sec) gas pulses after the fuel element has been 
placed on the top of the bed while the bed is in a static condition. It was 
found that the element set t les only while the bed is expanded (while it is 
momentari ly fluidized); the objective, then, was to control the descent of 
the element by using pulses of appropriate size and frequency. In mock-up 
studies conducted in a 6- in . -diameter Lucite column (a prototype of the 
pilot-plant unit), controlled settling into beds of Alundum of a 4-ft-long 
fuel element weighing 15 kg was achieved. Further work is planned to 
establish the reliability of the method and to obtain the necessary quan­
titative information so that the method may be used with confidence in the 
pilot plant. Hopefully, such a method will be suitable in applications on a 
larger scale. 

C. Conversion of Uranium Hexafluoride to Uranium Dioxide. Preparat ion 
of High-density Par t i c les 
(l. Knudsen, N. Levitz, M. Jones, J. Kincinas) 

P roces s development studies were continued on a direct fluid-bed 
method for preparing high-density, spheroidal uranium dioxide part icles 
from uranium hexafluoride. The process involves the simultaneous r eac ­
tion of uranium hexafluoride with steam and hydrogen at temperatures of 
650 to 700 C. The studies a re being conducted in a 3- in.-diameter , cone-
bottom Monel column described previously (see ANL-6379, p. 183). The 
starting bed for each run consists of uranium dioxide par t ic les from p r e ­
vious runs . The operating procedure involves alternating 30-min periods 
of hexafluoride feed with periods of fluoride cleanup. In the cleanup pe­
riod, only s team and hydrogen are fed. The uranium dioxide part icles are 
removed semicontinuously (after each cleanup period) such that the bed 
weight remains approximately constant. The part ic les would be intended 
for use as coated or uncoated part icles in dispersion fuels or in bulk form 
in packed fuel e lements . 

Previous work (see ANL-6596, pp. 158 to 163; ANL-6648, pp. 173 
to 175) has been concerned pr imar i ly with establishing the effect on product 
density of a number of the process var iables . Material of higher density 
was produced under the following conditions: 

1) A higher bed temperature (700 C as opposed to 650 C). Densities 
of 9.7 to 9.8 g/cc and 9.3 g/cc , respectively, were obtained at 
these t empera tures . 

2) A lower hexafluoride feed ra te . Typical densities were 9.5 g/cc 
at a feed rate of 17 g/min and of 9.1 g/cc at a feed rate of 
34 g/min. 



3) A deeper bed. Densities of 9.6 g/cc and 9.3 g/cc , respectively, 
were obtained for 18-in. and 8-in. beds. 

4) Increased immersion (upward into the fluidized bed) of the hexa­
fluoride nozzle. Material with a density of 9.5 g/cc was produced 
when the nozzle extended 13 in. upward into the bed, whereas a 
— -in. penetration gave mater ia l with a density of 9.0 g/cc . 

Also, part icles of varying density were produced when the concentration of 
steam in the reactant feed s t ream was varied. Highest densities were ob­
tained at steam concentrations corresponding to the range 0.75 to 1.4 times 
the stoichiometric requirements .* A density of 9.8 g/cc was obtained in a 
run in which the operating conditions were a feed rate of 26 g UF^/min, a 
steam concentration of 1.15 times stoichiometric, and a bed temperature of 
650 C. 

In contrast, changes in the hydrogen concentration alone, correspond­
ing to the range 4 to about 20 times the stoichiometric requirements , did 
not appear to affect particle density. A somewhat higher residual fluoride 
content (650 ppm as compared with about 380 ppm) was obtained when the 
smaller amount of hydrogen was used. 

In addition to the above studies, recent work has been directed to­
wards the preparation of larger proportions of specific particle sizes be­
cause particular applications of dense part icles might require mater ia l in 
several different size ranges. In the preceding report (see ANL-6648, 
pp. 173 to 175), the preparation of coarse par t ic les , 22 w/o in the 16 to 
20 mesh range, with densities of 8.9 g/cc (about 81 percent of theoretical), 
was reported. Current studies were concerned with the preparation of 80 
to 100 mesh mater ial . Also, attempts were made to prepare coarse 
(+20 mesh) material using a gas-pulsed fixed-bed technique instead of the 
regular fluid-bed method. The fixed-bed technique was evaluated as a pos­
sible alternative to the fluid-bed technique since, as the bed becomes more 
coarse, it becomes increasingly difficult to maintain the bed in a fluidized 
state and fluidizing gas requirements might very well become prohibitively 
high. 

In the current work, the uranium hexafluoride feed rate was 
25 g/min [44 lb uranium/(hr)(sq ft reactor c ross section)], and the steam 
rate was 3.3 g/min, corresponding to 1.3 times the stoichiometric r e ­
quirements. The hydrogen rate was adjusted to provide the overall desired 
superficial velocity of 0.5 ft /sec during the runs intended for the production 
of 80 to 100 mesh particles and of 1.0 f t /sec during the pulsed-bed studies. 
In the latter case, nitrogen gas pulses were superimposed on this steady flow. 

•"Based on the reaction UF^ + 2 H2O + Hj -* UO2 + 6 HF. 
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The pulse frequency ranged from 12 to 30 pulses /min and the duration of the 
pulses was from 0.25 to one second. The gas manifold p ressure ranged 
from 20 to 80 psig. The reactor temperature was 650 C, and the bed weight 
was 6.0 kg (about 8-in. static bed height). Two runs of 11-hr total duration 
were made in the preparat ion of the 80 to 100 mesh par t ic les . The pulsed-
bed runs were of relatively short duration (l to 4 hr), being intended only to 
establish the feasibility of the method. 

Results 

Prepara t ion of 80 to 100 Mesh Par t i c les . Dense oxide, pr imari ly in 
the 80 to 100 mesh range, was produced from a starting bed of 100 to 
140 mesh uranium dioxide par t ic les . The product contained up to 62 percent 
+ 100 mesh par t ic les and less than one percent +80 mesh par t ic les . No seed 
par t ic les were added in these runs so that particle growth into the +100 mesh 
fraction would occur. 

The part icle density of the final product was 9.4 g/cc (as measured 
by mercury displacement). This value is comparable with densities obtained 
in previous tests under s imi lar conditions. 

The density of the bed mater ia l actually increased during the two con­
secutive runs from an initial value of 8.2 g/cc to a final value of 9.4 g/cc. 
This increase was unusually rapid considering the fact that the quantity of 
new dioxide produced during each experiment was equivalent to only one 
displacement of the bed. Calculations indicate that such a final density 
would be achieved only if approximately half of the bed were to be replaced 
by theoretically dense oxide, and since this was not actually the case (that 
is , the mate r i a l deposited on the par t ic les in the bed was not of theoretical 
density), densification of the starting bed probably occurred by another 
mechanism, possibly a form of sintering. Further study of this rapid den­
sification behavior will be made in the next se r ies of experiments. 

Pulsed-bed V/ork. Pre l iminary pulsed-bed studies showed that uni­
form tempera tu res were maintained in the bed and that the uranium hexa­
fluoride conversion reaction could be ca r r ied out without caking of the bed; 
however, plugging of the uranium hexafluoride nozzle occurred after only 
several hours of operation. Some coarse (+20 mesh) mater ia l was produced, 
but part icle quality was inferior to that produced under s imilar conditions 
in the fluidized bed, that i s , the deposited mater ia l did not appear to adhere 
strongly to the base par t ic les and many fragmented sections of the coating 
were found in the product. Due, apparently, to attri t ion of the par t ic les , 
only a slight overall increase in part icle size occurred. No further work 
on the use of this technique is planned at this t ime. 



152 

Future Work 

In preparation for studies of the PuFj to PuOj reaction in fluidized 
beds, the filter vessel is being relocated directly above the reactor section 
so that during filter blowback, the fines produced during the reaction can 
be returned directly to the bed. Future work will be concerned with deter ­
mining the effect on dense particle preparation of the presence of fines in 
the bed. 
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III. CALORIMETRY* 
(W. N. Hubbard, H. M. Feder) 

Thermodynamic data a re lacking for many compounds of interest 
in high- temperature chemistry because of the experimental difficulties in­
volved in making the necessary measurements . A program has been under­
taken to determine some of these data. 

The basic data needed are heats of formation at 25 C. Par t of the 
program of the group consists of determinations of heats of formation by 
the method of oxygen bomb calor imetry . However, many of the compounds 
of interest are difficult to burn in oxygen and, consequently, cannot be 
studied by oxygen bomb calor imetry . To study compounds of interest that 
a re difficult to burn in oxygen and thus not amenable to oxygen bomb 
calor imetry , the techniques of the bomb calor imetr ic method (a method 
which has been developed to a high degree of precision and accuracy) have 
been modified so that fluorine can be used as the oxidant. 

The accumulation of basic heat of formation data for fluorides is a 
necessary prel iminary adjunct to the general use of fluorine bomb calorim­
etry for the study of compounds and is a valuable program in its own meri t . 
To date, heats of formation have been determined for magnesium fluoride, 
cadmium fluoride, aluminum fluoride, zinc fluoride, boron trifluoride, 
molybdenum hexafluoride, uranium hexafluoride, and the tetrafluorides of 
titanium, zirconium, hafnium, and silicon. The heats of combustion in 
fluorine of three compounds: boron nitride, silicon dioxide, and zirconium 
diboride, have been determined by fluorine bomb calor imetry. To obtain 
the heat of formation value for boron nitride required the use of the value 
obtained previously for boron trifluoride; for silicon dioxide, the value for 
silicon tetrafluoride was required; and for zirconium diboride, the values 
for boron trifluoride and zirconium tetrafluoride were required. 

To determine thermodynamic propert ies at high tempera tures , the 
heats of formation at 25 C from oxygen or fluorine bomb calorimetry will 
be combined with the change in enthalpy values measured by a high-
tempera ture enthalpy ca lor imeter . This calor imetr ic system, which is to 
be used for measurements up to 1500 C, has been designed and is now 
being assembled and tested. Design concepts for an electron beam fur­
nace for a drop ca lor imeter to operate up to 2500 C are being tested in the 
laboratory. 

A. Combustion of Zinc in Fluorine 
(E. Rudzitis and R. Terry) 

Combustion techniques for burning the low-meltmg metals cadmium, 
magnesium, and aluminum have been successfully applied to combustions of 
zinc in fluorine. Prefluorinated zinc filings were placed on a zinc fluoride 
support dish and ignited by a fine fuse wire . Ignition difficulties were more 

*A summary of this section is given on pages 22-23. 



pronounced for zinc than for the other three elements but were overcome 
(1) by the use of cadmium fuse wire (which was also used in aluminum 
combustions) and (2) by increasing the initial fluorine pressure from 
150 psi to 200 psi. The percent completeness of combustion for zinc, 
which ranged from 67.6 to 96.0, was generally lower than that for the 
other low-melting metals . 

Although the support dishes were routinely exposed to fluorine 
prior to use, the presence of an oxide impurity in them was one of the most 
important sources of e r ro r in previous combustions by the fluoride dish 
support technique. The oxide concentration in the zinc fluoride dishes used 
in some of the experiments in this study was reduced below the background 
limit of detection by treatment of the zinc fluoride powder (before fabrica­
tion into dishes) with liquid hydrogen fluoride at temperatures up to 250 C 
and pressures of 1000 to 2000 psi . 

The results of zinc combustions are summarized in Table III- l . 
In experiments 3 to 6, the support dishes were fabricated from zinc fluoride 
powder which had been treated with liquid hydrogen fluoride. The entries 
in the table are defined as follows: (1) experiment number; (2) m' , the 
mass of sample burned; (3) At,;, the observed increase in calorimeter 
temperature, corrected for heat exchange between the calorimeter and its 
surroundings; (4) ^^alor (" "^'c)" ^^^ energy equivalent of the calorimeter 
multiplied by -At^; (5) AE^QJ^J., the energy absorbed by the contents of the 
bomb; (6) AE„g^g, the correction of the bomb gases to standard state con­
ditions; (7) AEigjj, the electrical energy introduced to ignite the sample; 
(8) AEjj^gg, the energy evolved by the combustion of the cadmium fuse 
wire; (9) ^E- , the energy evolved by fluorination of the oxide impurities 
in the sample and the support dishes; (10) A E C ° / M , the sum of items 4 
through 9 divided by the mass of metal burned, represents the standard 
energy change per gram of sample at 25 C for the reaction 

Zn(c) + F2(g) - ZnF2(c) 

(11 Experiment No. 

121 mV g 

(31 A|(., C 

1* Ecalor(-Atcl.cal 

(5) AEcijn,, cal 

161 AEgs;, cal 

171 AEjgn.cal 

(81 AE,„53. cal 

(91 AEjmp. cal 

(101 AEcO/M, cal/g 

1 

0.68747 

0.54890 

-1968.9 

-4.1 

-0,8 

0.1 

4.5 

54.2 

-2785.4 

Table U - l 

COMBUSTION OF ZINC IN FLUORINE 

2 

0.55647 

0.44142 

-1583.3 

-3.2 

-0.4 

0.1 

44 

27.5 

-2794.2 

3 

0.79814 

0.61898 

-2220.2 

-4.0 

-0.6 

0.1 

4.5 

0.4 

-2781.2 

4 

0.80439 

0.62552 

-2243.7 

-4,0 

-0.6 

0,1 

4,5 

0,4 

-2788,8 

5 

0.79398 

0.61915 

-2220,8 

-39 

-0,6 

0.1 

4.5 

0.4 

-2796,4 

6 

0.68874 

0.53733 

-1927.3 

-3.8 

-0.4 

0.1 

4,0 

0,4 

-2797,9 

Mean AEcO/M- -2790.6 cal/g 

Standard Deviation of Mean = ±2.4 cal/g or ±0.06 percent 
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in which each reactant and product is in its standard state. Mean A E C ° / M 
is the mean standard energy of combustion per gram of sample. 

Some of the more important correct ions were applied as follows. 
The mass of metal burned, M, was obtained by subtracting the mass of the 
unburned metal and the mass of the impurit ies from the mass of the sam­
ple initially placed in the bomb. The mass of the unburned metal was de­
termined by t reatment of the residue of the combustion with hydrochloric 
acid and gasometric measurement of the hydrogen evolved on the assumption 
that the amount of unburned metal was equivalent to the amount of hydrogen 
evolved. The weight correct ion for the impurit ies in the sample was made 
on the assumption that nitrogen, hydrogen, and carbon are present in the 
sample as sorbed nitrogen, water, and carbon dioxide, respectively, and that 
oxygen and fluorine (due to prefluorination) are bound as metal oxide and 
fluoride, respectively. 

The thermal correct ions for experiments 1 and 2 were based on 
the resul ts of mass spectrometr ic analysis of the combustion gases . The 
thermal correct ions for the remaining runs were made on the basis of the 
oxygen content in the sample, which was within the limits of precision of 
the mass spectrographic analysis . The only gaseous component of sig­
nificance in the combustion gases was oxygen. It was assumed that the 
amount of metal oxide fluorinated was equivalent to the net amount of 
oxygen found in the combustion gases . Nitrogen and small amounts of 
carbon dioxide and water also present in the combustion gases were a s ­
sumed to have originated from desorption from the sample and the sample-
support dish during the combustion p rocess . No thermal corrections were 
made for the nitrogen, carbon dioxide, and water found. Small amounts of 
tetrafluoromethane and silicon tetrafluoride, probably originating from 
the fluorination of carbon dioxide and silicon dioxide, were also detected in 
the combustion gases . Uncertainties in the analysis and a self-
compensating effect in the overall application of the oxygen correction did 
not warrant an application of specific thermal corrections for the small 
amounts of tetrafluoromethane and silicon tetrafluoride present . It is 
likely that a portion of the adsorbed water reacted with fluorine to form 
hydrogen fluoride and oxygen, although no hydrogen fluoride was detected 
in the combustion gases , because the analytical method used was not capable 
of detecting the small amount of hydrogen fluoride present . This thermal 
effect also was partially compensated for in the application of the oxygen 
correct ion. 

The following thermodynamic constants for the formation of zinc 
fluoride were derived for 298.15 K in kcal /mole: AEc° = AEf° = -182.4, 
AHf° = -183.0 and AGf° = -170.8. An uncertainty interval of +0.4 kcal 
was assigned to each of the constants. 



The va lue of AHf298(ZnF2) d e t e r m i n e d in th i s w o r k is g iven in 
T a b l e III-2 along with the v a l u e s ob ta ined by h i g h - t e m p e r a t u r e e q u i l i b r i u m 
m e a s u r e m e n t s . The h e a t s of r e a c t i o n s , AHfgg, w e r e ob ta ined by app l i ca t i on 
of the equa t ion -AHi ,g /T = R In K + 2 ( F ^ - Hf,g)/T to the o r i g i n a l 

r Prod.-React. 
d a t a . The va lue for the hea t of f o r m a t i o n of z inc f luor ide ob ta ined in the 
p r e s e n t s tudy a g r e e s b e s t with the va lue ob ta ined f r o m the s tudy of the 
e q u i l i b r i a at v a r i o u s t e m p e r a t u r e s of the z inc o x i d e - h y d r o g e n f luo r ide r e ­
ac t i on . It i s s ign i f ican t tha t the v a l u e s of AH298 for th i s r e a c t i o n showed 
no s ign i f ican t t r e n d with t e m p e r a t u r e . The t r e n d s in the c a l c u l a t e d hea t of 
r e a c t i o n da t a for the o t h e r two e q u i l i b r i a , i nd ica t ing s y s t e m a t i c e x p e r i m e n t a l 
e r r o r s , p r even t a s s i g n i n g mean ingfu l e r r o r l i m i t s to the d e r i v e d 
AHf|,8(ZnF2) v a l u e s . 

Table III-2 

ESTIMATED HEATS OF FORMATION OF ZINC FLUORIDE 

AH|,8 AHf|,8 (ZnF^) 
Equilibrium Temperature (K) (kcal/mole) (kcal/mole) 

Zn + 2HF = ZnFz + H2^ 873,973,1023 -47 .1 , -47 .5 , -177.3 

-48.0 

ZnClj + 2 HF = ZnFz + 2 HClt" 590, 682, 786 +4.2, +6.3, +8.8 -185.5 

ZnO + 2 HF = ZnF2 + HjO c 773 ,823 ,873 ,923 -27 .6 , -27 .7 , -182.9 ±1.0 
-27.8, -27.8 

This work 298 - -183.0 ± 0.4 

^K. Jellinek and A. Rudat, Z. Anorg. Chem., 175, 28 (1928). 
^K. Jellinek and R. Koop, Z. Physik, Chem., A145, 305 (1929). 
CL. Domange, Ann. Chem., 2.. 225 (1937). 

B . Combus t ion of Niobium and T a n t a l u m in F l u o r i n e 
( E . G r e e n b e r g and C. Natke) 

The deve lopmen t of s a t i s f a c t o r y c o m b u s t i o n t e c h n i q u e s for n iobium 
and t an t a lum was r e p o r t e d in A N L - 6 3 3 3 , p . 127. Dur ing the p a s t q u a r t e r , 
two s e r i e s of t a n t a l u m c a l o r i m e t r i c c o m b u s t i o n s and five c o m b u s t i o n s of 
n iobium in f luor ine w e r e c o m p l e t e d . 

Table 111-3 p r e s e n t s p r e l i m i n a r y da t a for the c o m b u s t i o n of t an t a lum 
in f luo r ine . Tab le 111-4 p r e s e n t s s i m i l a r da ta for the p a r t i a l l y c o m p l e t e d 
s e r i e s of n iob ium c o m b u s t i o n s . The quant i ty r e p o r t e d , A T / g r a m , is the 
c o r r e c t e d t e m p e r a t u r e r i s e of the c a l o r i m e t e r p e r g r a m of s a m p l e b u r n e d . 
The da ta a r e p r e s e n t e d p r i m a r i l y to i nd i ca t e the p r e c i s i o n of the r e s u l t s . 
E x p e r i e n c e with s i m i l a r s y s t e m s i n d i c a t e s tha t the p r e c i s i o n of the r e s u l t s 
i s not s ignif icant ly affected by the s t a n d a r d - s t a t e c a l c u l a t i o n s . The s t a n d a r d 
dev ia t ion of the m e a n for the f i r s t t a n t a l u m s e r i e s i s s o m e w h a t g r e a t e r than 
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tha t for the s e c o n d s e r i e s (0.07 p e r c e n t a s c o m p a r e d wi th 0.01 p e r c e n t ) b e ­
c a u s e of m i n o r e x p e r i m e n t a l d i f f i c u l t i e s . Run 6 is obv ious ly in g r o s s e r r o r 
and can be j u s t i f i ab ly d i s c a r d e d by the u s u a l s t a t i s t i c a l r u l e s . The p r e ­
c i s i o n of a p p r o x i m a t e l y 0.01 p e r c e n t for the s e c o n d t a n t a l u m s e r i e s and for 
the p a r t i a l l y c o m p l e t e d n iob ium s e r i e s i s c o n s i d e r e d to be qui te s a t i s f a c t o r y . 

T a b l e I I I -3 

P R E L I M I N A R Y D A T A F O R T H E COMBUSTION 
O F T A N T A L U M IN F L U O R I N E 

Run No. A T / g r a m ( c / g ) 

S e r i e s I 

1 0.7009 
2 0.7008 
3 0.7016 Mean (exc lud ing Run 6) = 0.7012 c / g 
4 0.7020 Std. D e v . of Mean = 0.0005 c / g o r 0.07% 
5 0.7005 
6 0.7285 
7 0.7011 

S e r i e s II 

8 0 .7014 
9 0.7009 

11 0 .7013 Mean = 0.7012 c / g 
12 0.7011 Std. D e v . of Mean = 0.0001 c / g or 0 .01% 
13 0.7009 
14 0 .7018 
15 0 .7013 

T a b l e 111-4 

P R E L I M I N A R Y D A T A F O R THE COMBUSTION 
O F NIOBIUM IN F L U O R I N E 

Run No. 

1 
2 
3 
4 
5 

1.3010 
1.3009 
1.3009 
1.3013 
1.3007 

A T / g r a m ( c / g ) 

Mean = 1.3010 c / g 
Std. D e v . of Mean = 0.0001 c / g or 0 .01% 



As in any calor imetr ic combustion work, it is necessary adequately 
to character ize the initial and final states and compositions of the mater ia ls 
used in these combustions in order to evaluate properly the ca lor imetr ic 
data. As applied to this work, a most important part of this charac ter iza­
tion is proof that all the niobium or tantalum consumed during combustion 
has been burned to the respective pentafluorides with no t race of lower 
fluorides. (If lower fluorides are formed, the amount of such side products 
must be accurately determined so that suitable thermal correct ions can 
be applied.) Conventional analytical procedures are inadequate for demon­
strating the absence of side products to a level which is comparable with 
the precision obtained in the combustion data. X-ray diffraction analysis 
will identify only the major product. Minor phases present in amounts 
smaller than a few percent cannot usually be detected. Elemental analysis 
for metal and fluorine is not sensitive enough to reveal small amounts of 
lower fluorides. It was therefore highly desirable to devise some method 
for accurately demonstrating the purity of the combustion products. 

A solution to the problem was sought by taking advantage of the 
difference in vapor pressures of the trifluorides and pentafluorides of 
niobium and tantalum. The pentafluorides are much more volatile and can 
be sublimed in vacuum at temperatures well below that required for vola­
tilization of the trif luorides. An apparatus was prepared for volatilizing 
in vacuum a weighed sample of the combustion product. Because the penta­
fluorides of niobium and tantalum hydrolyze rapidly in the atmosphere, 
provision was made for weighing the sample and loading the apparatus in 
a dry box. Prel iminary experiments with the tantalum combustion product 
revealed nonvolatile residues to the extent of 1 percent of the original 
sample. It was strongly suspected that the dry box atmosphere was not 
adequate for handling tantalum pentafluoride and that the residue was not 
a lower fluoride but rather a nonvolatile hydrolysis product which had 
formed during handling of the sample in the dry box. 

This experiment was repeated with the niobium combustion pro­
duct, using a dry box with a highly inert a tmosphere . This t ime, quanti­
tative volatilization of the combustion product sample was effected, 
demonstrating that no significant quantities of lower fluorides were 
formed during combustion. This experiment adds considerable confidence 
to the calorimetric data and will be performed again with the tantalum 
combustion product, using the highly purified inert atmosphere box. It 
is anticipated that this approach will become a generally useful analytical 
method that will be applicable to other metal-fluorine systems to be studied 
by fluorine bomb calorimetry in the future. 

In the absence of X-ray data for niobium pentafluoride and tantalum 
pentafluoride in the l i terature , the solid combustion products were identi­
fied by the similari ty of their X-ray patterns to each other and to that of 
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molybdenum pentafluoride.^ Infrared analysis indicated that carbon and 
silicon impurities in the system were burned to the respective tetrafluorides. 

C. Combustion of Ruthenium 
(H. A. Porte , E. Greenberg, C. Natke) 

Six calorimetr ic combustions of ruthenium in fluorine have been 
completed, and the detailed calculations are in p rogress . The sample a r ­
rangement and combustion technique were very similar to that described^ 
for the combustion of zirconium in fluorine. 

Table 1II-5 presents prel iminary data for the combustion of ruthe­
nium in fluorine. The entr ies in the table a re : (1) experiment number; 
(2) the mass in vacuo of the ruthenium reacted, which was determined by 
subtracting the mass of unburned metal recovered after combustion from 
the mass of sample originally introduced into the bomb; (3) the observed 
increase in the calor imeter tempera ture , corrected for heat exchange be­
tween the calor imeter and its surroundings; (4) the energy equivalent of 
the calor imetr ic system, multiplied by -At,-; (5) the energy evolved by 
combustion of the molybdenum fuse wire; and (6) the energy change per 
gram of ruthenium burned for the reaction 

Ru(c) + 2 i F2(g) - RuF5(s) 

Table 11-5 

PREIIMINARY DATA FOR THE COMBUSTION OF RUTHENIUM IN FLUORINE 

(1) Experiment No. 

(21 m'.g 

(3) Ate, C 

1^' ^calor, l-^ 'cl . cal 

(51 AEfuse. a l 

(61 AEco/M (rulheniumi, cal/g 

1 

2.21302 

1.31456 

-4655.96 

1.44 

-2103.24 

2 

2.36571 

1.39981 

-4957.90 

1.59 

-2095,06 

Mean AEc'/M. 

Standard Deviation of Mean • 

3 

2.30697 

1.36703 

-4841.80 

1.53 

•2098.11 

. -2097,8 cal/g 

•±1,3cal/g o r * 

4 

2,63447 

1,56054 

-5527,18 

1,76 

-2097,36 

0.06 percent 

5 

2.24638 

1.32878 

-4706.33 

1.63 

-2094.35 

6 

2.27031 

1.34577 

-4766.50 

1.48 

-2098.84 

It was necessary to demonstrate that the combustion of ruthenium 
resul ts in the formation of ruthenium pentafluoride uncontaminated by 
lower fluorides. Several experiments were carr ied out in an attempt to 
volatilize completely a sample of the ruthenium combustion product. Even 

iLaValle, D. E. (ORNL), Private Communication to L. Stein (ANL), 
May 22, 1959. 

^Greenberg, E., Settle, J. L., Feder , H. M., and Hubbard, W. N., 
J. Phys. Chem., _65, 1168 (1961). 



in t he m o s t s u c c e s s f u l e x p e r i m e n t , a n o n v o l a t i l e r e s i d u e of 0.4 p e r c e n t of 
t he s a m p l e we igh t w a s o b t a i n e d . T h i s e x p e r i m e n t was c a r r i e d out u s i n g 
the h i g h - p u r i t y i n e r t - a t m o s p h e r e b o x . In e a r l i e r e x p e r i m e n t s , in which 
a g love box of p o o r e r a t m o s p h e r e w a s u s e d , the we igh t of the r e s i d u e w a s 
g r e a t e r by an o r d e r of m a g n i t u d e . R u t h e n i u m p e n t a f l u o r i d e r e a c t s r e a d i l y 
wi th m o i s t u r e , and t h e r e w e r e v i s i b l e s i gns of r e a c t i o n even when the 
h i g h - p u r i t y i n e r t - a t m o s p h e r e box w a s u s e d . The e v i d e n c e o b t a i n e d , whi le 
not a s c o n c l u s i v e a s in the c a s e of n i o b i u m , s u g g e s t s t ha t the n o n v o l a t i l e 
r e s i d u e i s f o r m e d by h y d r o l y s i s of r u t h e n i u m p e n t a f l u o r i d e . No add i t i ona l 
v o l a t i l i z a t i o n e x p e r i m e n t s a r e be ing p l a n n e d . 

D. E x p l o r a t o r y C o m b u s t i o n s of C a r b o n in F l u o r i n e 
(E . G r e e n b e r g ) 

The hea t of f o r m a t i o n of c a r b o n t e t r a f l u o r i d e h a s b e e n the sub jec t 
of five s e p a r a t e m o d e r n t h e r m o c h e m i c a l s t u d i e s : 

(1) K i r k b r i d e and Davidson-^ s tud ied the d i s p l a c e m e n t r e a c t i o n 
be tween c a r b o n t e t r a f l u o r i d e and p o t a s s i u m to give p o t a s s i u m f luo r ide and 
c a r b o n , obta in ing a va lue of AHf298 (CF4, g) = - 2 1 8 k c a l / m o l e . 

(2) The va lue -220 .4 k c a l / m o l e was ob t a ined by J e s s u p , McCosky , 
and Nelson"^ by the c o m b u s t i o n of c a r b o n t e t r a f l u o r i d e in f l u o r i n e . 

(3) The va lue -218 .3 k c a l / m o l e was ob ta ined by Scot t , Good, and 
Waddington^ by c o m b u s t i o n of m i x t u r e s of Tef lon and a h y d r o c a r b o n oil 
in which the r e a c t i o n p r o d u c t s w e r e CF4 and H F . 

(4) The value -212 .7 k c a l / m o l e was ob ta ined by D u u s ° by the 
h y d r o g e n a t i o n of C2F4 to C and H F and the d e c o m p o s i t i o n of C2F4 to C 
and CF4. 

(5) The va lue -217.2 k c a l / m o l e was ob ta ined by N e u g e b a u e r and 
M a r g r a v e by r e a c t i o n s s i m i l a r to ihose u s e d by D u u s . 

B e c a u s e the l i t e r a t u r e v a l u e s for the h e a t of f o r m a t i o n of t e t r a ­
f l u o r o m e t h a n e v a r y ove r a r a n g e of s e v e r a l k i l o c a l o r i e s , it i s d e s i r a b l e 
to a t t e m p t r e s o l u t i o n of t h i s d i s c r e p a n c y by d i r e c t c o m b u s t i o n of c a r b o n 
in f l u o r i n e . The hea t of t r a n s f o r m a t i o n b e t w e e n g r a p h i t e and d i a m o n d is 

3 F . W . K i r k b r i d e and F . G. Dav idson , N a t u r e VM, 79 (1954) . 
4 

R. S. J e s s u p , R. E . McCosky , and R. A. N e l s o n , J . A m . C h e m . Soc . T]_, 
244 (1955). 

^D. W. Scot t , W. D. Good, and G. Waddington, J . A m . C h e m . Soc . JT?, 
245 (1955). 

6 H . C . D U U S , Ind. Eng . C h e m . 47, 1445 (1955). 

'^C. A. N e u g e b a u e r and J . L . M a r g r a v e , J . P h y s . C h e m . 60, 1318 (1956). 
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well known from oxygen bomb ca lor imet ry (both variet ies have been burned 
to carbon dioxide); therefore, either form of carbon is satisfactory for 
fluorine combustion studies. Initial experiments in a glass bomb indicated 
that the combustion technique used for zirconium (vertically supported rods, 
ignited at the top) was quite promising. Graphite rods i in. in diameter were 
employed as sample mate r ia l . 

car-
Successful ignition of graphite rods was achieved with use of a __. 

bon filament fuse and a small piece of graphite cloth; such an all-graphite 
sample is completely analogous to the system employed for zirconium. 
However, there was some indication that the use of graphite cloth led to 
incompletely burned products . Attention is therefore being directed to the 
use of metal wire and foil (such as molybdenum) to ignite the carbon rod. 

Pre l iminary analytical work indicated that a small amount (about 
0.1 to 1 percent) of hexafluoroethane side product was formed, in addition 
to the main product, te traf luoromethane. A gas chromatographic method 
for the determination of small amounts of hexafluoromethane in t e t ra ­
fluoromethane was developed by M. Runner of Chemical ResearchServices , 
Addison, Illinois. This method has been used to analyze the gaseous prod­
ucts of several combustions which were car r ied out in glass bombs, and 
has been found to be satisfactory. 

Tria l combustions a re now being car r ied out in a nickel calorimetric 
combustion vessel in order to avoid the contaminants introduced when using 
the glass bomb. Since the volumes and thermal charac ter i s t ics of the two 
vessels a re quite different, it is necessary to use a somewhat different 
fluorine p r e s s u r e in order to obtain successful combustions. Current ex­
perimental work is being directed towards finding the optimum conditions 
for burning graphite rods (using molybdenum foil and fuse wire) in a 
nickel bomb. The combustion products will be analyzed to demonstrate that 
the amount of hexafluoroethane is not excessive. 

E. Exploratory Combustions of Silicon Carbide in Fluorine 
( E . Greenberg) 

About a year ago, work in this laboratory resolved a discrepancy in 
the heat of formation of sil ica as determined by oxygen bomb calorimetry^ 
and by equilibrium studies.? Recently, ChipmanlO has pointed out s imilar 
d iscrepancies between l i te ra ture values for the heat of formation of silicon 
carbide . The values were found to range from about -12 to -20 kca l /mole . 
The heat of formation of silicon tetrafluoride has already been determined, 
and the heat of formation of tetrafluoromethane is current ly under study. 

^Humphrey, G. L., and King, E. G., J. Am. Chem. S o c , 7£, 2041 (1952). 

^Chipman, J., J. Am. Chem. S o c , _82, 1762 (1961). 

lORein, R. H., and Chipman, J., J. Phys. Chem., _6J, 839 (1963). 



C o n s e q u e n t l y , it m a y be p o s s i b l e to r e s o l v e the d i s c r e p a n c i e s by d e t e r m i n i n g 
the h e a t of c o m b u s t i o n of s i l i con c a r b i d e in f l u o r i n e . 

At a p r e s s u r e of 10 a t m of f l u o r i n e , s i l i con c a r b i d e d o e s not a p p e a r 
to r e a c t s ign i f i can t ly with f l u o r i n e . At t he s a m e p r e s s u r e of f l u o r i n e , h o w ­
e v e r , s i l i con c a r b i d e can be ign i ted by u s i n g e i t h e r a s m a l l a m o u n t of su l fur , 
wh ich i g n i t e s s p o n t a n e o u s l y in f l u o r i n e , o r a m o l y b d e n u m fuse w i r e in c l o s e 
p r o x i m i t y to the p o w d e r e d s a m p l e . The l a t t e r m e t h o d i s p r e f e r r e d . The u s e 
of su l fur h a s the d i s a d v a n t a g e tha t the c o m b u s t i o n is m o r e v io l en t , t h e r e b y 
sweep ing s a m p l e m a t e r i a l out of the s a m p l e c o n t a i n e r to a g r e a t e r e x t e n t . 

Both n i c k e l and s i l i c a have been t r i e d a s s a m p l e - s u p p o r t m a t e r i a l s . 
S i l i ca u s e d as a y j - i n . - t h i c k d i s h ign i ted e a s i l y and b u r n e d e x t e n s i v e l y . It 
i s p o s s i b l e tha t a r e l a t i v e l y m a s s i v e s i l i c a d i s h which does not h a v e e x ­
posed edges n e a r the c o m b u s t i o n zone would be s a t i s f a c t o r y . N icke l , on 
the o t h e r hand , shows v e r y l i t t l e s u r f a c e r e a c t i o n when u s e d a s a s u p p o r t 
for c o m b u s t i o n s of s i l i con c a r b i d e . O n e - h a l f - g r a m s a m p l e s of s i l i con 
c a r b i d e have been b u r n e d on r a t h e r heavy n i c k e l d i s h e s wi thout s e v e r e a t ­
t a c k on the d i sh . Igni t ions w e r e a c h i e v e d wi th a m o l y b d e n u m fuse w i r e , and 
s o m e s c a t t e r i n g of the s a m p l e w a s ev iden t . C o m b u s t i o n was about 50 to 
65 p e r c e n t c o m p l e t e , and the u n b u r n e d s i l i c o n c a r b i d e a p p e a r s v i s u a l l y to 
have unde rgone no change or r e a c t i o n . 

F u t u r e d e v e l o p m e n t of the c o m b u s t i o n t e c h n i q u e wi l l i nc lude a n a l y s i s 
of the g a s e o u s c o m b u s t i o n p r o d u c t s . 

F . T h e r m o c h e m i s t r y of the U r a n i u m - S u l f u r S y s t e m 
( j . Set t le) 

In v a r i o u s f ie lds of h i g h - t e m p e r a t u r e w o r k , i nc lud ing n u c l e a r r e a c t o r 
t echno logy , t h e r e i s c o n s i d e r a b l e i n t e r e s t in the p r o p e r t i e s of the u r a n i u m 
su l f ides , p a r t i c u l a r l y the m o n o s u l f i d e . A knowledge of the e n t h a l p i e s of 
f o r m a t i o n of t h e s e compounds and of t h e i r h i g h - t e m p e r a t u r e h e a t c a p a c i t i e s 
and e n t r o p i e s would a l low m o r e a c c u r a t e e s t i m a t e s to be m a d e of t h e i r 
c h e m i c a l b e h a v i o r at e l e v a t e d t e m p e r a t u r e s . 

A s e a r c h of the l i t e r a t u r e r e v e a l e d t h a t five b i n a r y c o m p o u n d s of 
u r a n i u m and sulfur have b e e n i d e n t i f i e d . ! 1 -15 T h e s e a r e US, U2S3, U3S5, 
US2, and US3. T h r e e c r y s t a l l i n e f o r m s h a v e b e e n r e p o r t e d for US2.15,16 

"Shotzer, E. F., Schneider, O., and Bilt, W., Z. anorg. u. allgem. Chem.. 243, 307 (1940). 
12zumbush, M.. Z. anorg. u. allgem. Chem., 243, 322 (1940). 
"Eastman. E. D., Brewer, L., Bromley, L. A., GiUes. P. W.. and Lofgren. N. L., J. Am. Chem. Soc.72, 

4019(1950). — 

Zachariasen, W. H., Acta Cryst., 2j 291 (1949). 
ISpicon, M., and Flahaut, J., Bull. Soc. Chim. France, 1958, 776 (1958). 
•'•̂ Mooney, R. C. L., CP-ISO? (1944). 
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Thermodynamic data on the uranium sulfides are very scanty. 
Westrum and Gr/nvold^^ and Westrum^^^ have measured the low-
tempera ture heat capacities and entropies of uranium monosulfide, beta 
uranium disulfide, and uranium tr isulf ide. Cater,19,20 studied the vapor­
ization of uranium monosulfide by the effusion method over the tempera­
ture range from 1840 to 2770 K. The composition of the vapor was studied 
by means of a time-of-flight mass spect rometer in the temperature range 
from 2100 to 2400 K. Combination of the data obtained from these experi­
ments enabled Cater to calculate the heats for the following reactions: 

US(s) = US(g) AH?30o = 150.3 + 2.1 kcal/mole ; (2) 

US(s) = U(g) + S(g) AHI300 = 271.2 ± 4.0 kcal/mole . (3) 

Cater est imated the enthalpy of formation of uranium monosulfide from 
rhombic sulfur and solid uranium at room tempera ture to be AHf 298 (US, s) -
-99 kcal /mole or -90 kcal /mole , depending upon whether 3.6 or 4.4 ev was 
used for the dissociation energy of gaseous S2. Rand and Kubaschewski'^l 
have estimated the enthalpies of formation at 298 K of US, U2S3, USj, and 
US3 to be -93 ± 5, -224 ± 8, -120 ± 10, and -127 ± 10 kcal /mole , respec­
tively. Rand and Kubaschewski made their es t imates by analogy to similar 
thermochemical sys tems for which some experimental data a re available. 
Therefore, it appears that an experimental determination (at room tem­
perature) of the enthalpies of formation of some of these uranium-sulfur 
compounds would be des i rable . Fluorine bomb calor imetry apparently 
is suitable for this purpose. A good value for the standard enthalpy of for­
mation of sulfur hexafluoride is necessa ry if fluorine bomb calor imetry is 
to be used. Gross , Hayman, and Levi22 have determined that 
^^^298.15 (SF^, g) = -288.5 ± 0.7 kca l /mole . This value may not be of ade­
quate accuracy. Therefore, it may be necessa ry for this group to 
redetermine it. 

! ' W e s t r u m , E. F . , J r . , and Gr /nvold ,F . , Symposium on the Thermo-
dynamics of Nuclear Mater ia ls , p. 3, International Atomic Energy 
Agency, Vienna (1962). 

i^Westrum, E. F . , J r . , Low Temperature Chemical Thermodynamics 
Project , TID-11188 (Nov. 25, I960). 

l^Cater , E. D., The Vaporization Thermodynamics, and Phase Be­
havior of Uranium Monosulfide, ANL-6140 (1960). 

20ca te r , E. D., Gilles, P . W., and Thorn, R. J., J. Chem. Phys. , 35, 
608 (1961). 

2lRand, M. H., and Kubaschewski, O., The Thermochemical Proper t ies 
of Uranium Compounds, Interscience Publishers , New York (1963). 

22Gross, P. , Hayman, C , and Levi, D. L., XVll^^ Int. Congr. Pure and 
Applied Chem., Abstracts _1_, 405 (1959). 



Uranium monosulfide is the first to be studied. Pre l iminary studies 
of its combustion character is t ics in fluorine are now in p rog res s . Variables 
being considered a re : the weight of sample, the part icle size of the sample, 
the initial fluorine p res su re , and various methods of supporting the reacting 
sample. It appears that a 1.5- to 2.5-g sample of uranium monosulfide 
supported on a massive zirconium dish and under 10 to 20 atm fluorine 
p ressure can be successfully converted to uranium heaxfluoride and sulfur 
hexafluoride. The best conversion achieved thus far (in a se r ies of five 
exploratory combustions) was about 95 percent complete, but it is expected 
that this can be significantly improved by adjusting the variables mentioned 
above. 

G. High-temperature (1500 C) Enthalpy Calorimeter 
(D. R. Fredrickson, R. L. Nuttall, and R. Kleb) 

During the past quarter , work has continued on the furnace compo­
nent of the calorimetr ic system (see Chemical Engineering Division Summary 
for October, November, December, 1961, ANL-6477, p. 164) which will be 
used to measure changes in enthalpy up to 1500 C. Furnace temperature 
controls (which are described in ANL-6648, p. 182) were modified slightly, 
and the furnace was again tested, being controlled at 277 C and 1004 C. A 
platinum capsule with thermocouples on the top and bottom was suspended 
in the hot zone of the furnace to check for temperature gradients . The con­
trol circuitry was modified (see ANL-6648, p. 185) to include a standard 
Barber Colman Series 620 silicon-controlled rectifier unit for the control 
of the main shield heater . All three heaters now employ silicon-controlled 
rect i f iers . A maximum variation of 0.1 C in the main shield temperature for 
a period of 16 hr was observed at 1004 C. This variation was shown on a 
recorder with full scale representing 5 C. 

In the tests of the furnace, a platinum capsule containing platinum, 
platinum-10 percent rhodium thermocouples was suspended in the hot zone 
of the furnace. The cylindrical capsule was approximately 1 x 4 cm and 
contained powdered AI2O3 to position the thermocouples and give a uniform 
temperature . The capsule contained thermocouples at the top and bottom, 
with provisions for reading the differential tempera ture as well. Thermo­
couple leads were taken out through a "tee" at the bottom of the furnace, 
through a slotted rubber stopper. At a furnace temperature of 1004 C, 
the maximum variation in temperature from top to bottom of the capsule 
was 0.18 C, as read on a K-3 potentiometer. 

In an effort to make optical pyrometer measurements of the fur­
nace temperature , a temporary glass window and pr i sm was placed at the 
bottom of the furnace prior to furnace heatup. It was observed that soon 
after heating began, a deposit started to form on this window; within a 
short t ime, the window was completely covered with the deposit. Upon 
being exposed to air , the deposit changed from a dull yellow dry substance 
to a black sticky substance. Spectrographic and spectrochemical analyses 



of the deposited material indicated the absence of heavy metals such as 
tungsten and molybdenum. (These might be expected to be deposited if 
oxidation of the furnace core had occurred.) Spectrochemical analysis did 
indicate sodium to be present in large quantity in the deposit, along with 
the following elements: potassium and zinc, 1 percent; aluminum, 2 percent; 
cadmium, 3 percent; lead, 0.6 percent; and magnesium, 0.4 percent. 

Increasing difficulty has been encountered in the control of the 
furnace tempera ture with each heatup. Two absolute thermocouples (one 
in the floating shield and the other in the bottom shield) showed an open 
circuit after several initial heatups. The outer-shield main-shield differ­
ential thermocouple readings have been very e r r a t i c . Varying the power 
to the outer-shield heater affected the absolute main shield-control thermo­
couple, showing a ground loop of undetermined nature . In an effort to 
evaluate these control problems, an extended period (2 weeks) of heating 
is planned at a tempera ture near 1000 C. Heating .over an extended period 
of time should show whether or not the deposit which forms affects the 
furnace windings and thermocouples . Opening of the furnace for repairs 
and changes may be necessa ry . 

H. High-temperature (2500 C) Enthalpy Calor imeter 
(R. L. Nuttall) 

As part of the Calor imetry Group program to determine the thermal 
propert ies of mater ia l at high tempera ture , a ca lor imetr ic system for 
measuring enthalpy changes between 25 C and 2500 C is being constructed. 
Like the 1500 C ca lor imetr ic system, the 2500 C system is a drop type. 
(A sample is brought to t empera ture equilibrium in a furnace and then 
dropped into a ca lor imeter for measurement of the enthalpy change as the 
sample cools.) 

The cylindrical furnace core which will contain the sample during 
heatup is to be heated by electron bombardment from two diametrically 
opposed electron guns. Longitudinal tempera ture uniformity will be ob­
tained by sweeping the electron beams along the length of the furnace core 
by a suitable p rogram. Circumferential tempera ture uniformity will be 
obtained by rotating the furnace core around its axis . 

The electron guns and the power supply assembly for operating 
them have been purchased. The power supply assembly was damaged in 
t rans i t , but because the damage appears to be slight, it was agreed that the 
neces sa ry r epa i r s will be made here as the assembly is tested. A vacuum 
chamber on which the electron guns can be mounted for testing of the power 
supply assembly has been built, and testing and repair of the damages has 
been s tar ted . 

The furnace has been designed, and detailed drawings are being made. 
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The calor imeter is to be an adiabatic type similar to one previously 
designed here for use with the lower- temperature drop ca lor imeter . The 
calor imeter has been designed, and detailed drawings have been completed. 
Shop construction should start in the near future. 

A "drop mechanism" is being designed. This mechanism will ac ­
celerate the sample to several t imes gravitational acceleration to minimize 
the time the sample spends in the cold region between the furnace and 
ca lor imeter . 



IV. REACTOR SAFETY* 

The oxidation, ignition, and combustion processes of metals and 
compounds used in nuclear technology a re being studied to provide infor­
mation to aid in minimizing the hazards associated with handling these 
mater ia ls . 

A. Metal-Oxidation and Ignition Kinetics 
( L . Baker) 

1. Isothermal Oxidation of Uranium in Air at 500 C and Higher 
(R. Wilson, L. Baker, R. Koonz) 

The air oxidation of uranium at temperatures above 500 C is 
being studied in order to determine the nature and degree of protectiveness 
of oxide films formed at high tempera tures . An important part of this 
study will be assessment of the role of nitrogen in the oxidation reaction. 

Previous studies of the oxidation of uranium were carr ied out 
in oxygen in the tempera ture ranges from 125 to 295 C^'^'^ and from 300 
to 625 C. Studies of the ignition behavior of uranium and its alloys" and 
studies of the tempera ture ' and propagation of burning along wires and 
foils of uranium have indicated that protective oxide films are formed at 
temperatures above 450 C. Experimental ar rangements used in the pre­
vious studies of oxidation, ignition, and burning were not satisfactory for 
oxidation studies in the high- temperature range because of excessive self-
heating. For this reason, a new experimental procedure was devised. 

*A summary of this section is given on pages 23 to 25. 

^Leibowitz, L., Schnizlein, J. G., Mishler, L. W., and Vogel, R. C , 
J. Electrochem. Soc. J_08, 1153 ( l96l) 

^Leibowitz, L., Schnizlein, J G., Bingle, J. D., and Vogel, R. C , 
J. Electrochem. Soc. j ^ , 1155 ( l96l) . 

^Schnizlein, J. G., Bingle, J- D , and Leibowitz, L., J. Electrochem. 
Soc. 108, 1166 (1961). 

^Baker, L. ,Jr . and Bingle, J. D., The Kinetics of Oxidation of Uranium 
between 300 and 625 C, in preparation (see also ANL-6543, p. 168 and 
ANL-6569. p 136). 

^Baker, L. ,Jr . , Schnizlein, J. G., and Bingle, J. D., The Ignition of 
Uranium, in preparation. 

^Schnizlein, J- G., Baker, L., J r . , and Bingle, J D., The Ignition of 

Binary Alloys of Uranium, in preparation. 

'^Mouradian, E. M. and Baker, L., J r . , Nuclear Sci. Eng. 21, 388 (1963). 

SLeibowitz, L., Baker, L., J r . , Schnizlein, J. G., Mishler, L. W. and 
Bingle, J. D., Nuclear Sci. Eng. \5_, 395 (1963), 



a . A p p a r a t u s a n d P r o c e d u r e 

A s c h e m a t i c d i a g r a m of t h e a p p a r a t u s i s s h o w n i n F i g ­

u r e I V - 1 . T h e s a m p l e , a n o m i n a l o n e - c m c u b e of u r a n i u m , * w a s s u p p o r t e d 

on a s t a i n l e s s s t e e l - c l a d t h e r m o c o u p l e a n d c o n t a i n e d w i t h i n a q u a r t z r e ­

a c t i o n c e l l . T h e o x i d i z i n g g a s w a s d r i e d a i r w h i c h c o n t a i n e d a b o u t 6 v / o 

a r g o n . T h e a r g o n s e r v e d a s a n i n t e r n a l s t a n d a r d f o r t h e a n a l y t i c a l p r o ­

c e d u r e . T h e m i x t u r e w a s p r e p a r e d b y e q u i l i b r a t i n g a t a n k of a i r a n d a 

t a n k of a r g o n , w h i c h r e s u l t e d i n a s i n g l e h i g h - p r e s s u r e c y l i n d e r c o n t a i n i n g 

t h e d e s i r e d m i x t u r e . D u r i n g a r u n , t h e p r e m i x e d g a s p a s s e d t h r o u g h a 

d o u b l e - s t a g e p r e s s u r e r e g u l a t o r , w a s d r i e d i n M o l e c u l a r S i e v e , a n d s u b ­

s e q u e n t l y p a s s e d t h r o u g h a l o w - p r e s s u r e r e g u l a t i n g v a l v e . T h e g a s t h e n 

p a s s e d t h r o u g h a m i c r o m e t e r - h e a d n e e d l e v a l v e w h i c h w a s u s e d t o r e g u l a t e 

t h e f l o w r a t e . F l o w m e t e r s w e r e l o c a t e d a t t h e i n l e t a n d a t t h e o u t l e t of t h e 

r e a c t i o n c e l l . 

Figure IV-1 

APPARATUS USED FOR THE 
ISOTHERMAL OXIDATION 
OF URANIUM IN AIR AT 

600 C AND ABOVE 

108-6539 

S a m p l e s w e r e h e a t e d b y i n d u c t i o n t o 500 C, 6 0 0 C , 7 0 0 C , 

800 C, 900 C, a n d 1000 C . A s i n g l e - t u r n i n d u c t i o n c o i l , w h i c h w a s e x t e r n a l 

t o t h e r e a c t i o n c e l l , w a s u s e d . S p e c i m e n s w e r e h e a t e d f r o m r o o m t e m p e r ­

a t u r e t o t h e t e s t t e m p e r a t u r e i n a b o u t o n e m i n u t e . A n i s o t h e r m a l t e m p e r a ­

t u r e w a s m a i n t a i n e d b y m a n u a l a d j u s t m e n t of t h e p o w e r of t h e i n d u c t i o n 

g e n e r a t o r . In t h i s w a y , i t w a s p o s s i b l e t o c o m p e n s a t e f o r h e a t g e n e r a t e d 

b y t h e o x i d a t i o n r e a c t i o n . T h e q u a n t i t y of o x y g e n a n d n i t r o g e n r e m o v e d 

f r o m t h e s t r e a m w a s d e t e r m i n e d b y a s m a l l m a s s s p e c t r o m e t e r * * w h i c h 

w a s p r o g r a m m e d to s w e e p a c r o s s t h e s p e c t r u m f r o m m / e 14 t o m / e 40 a t 

2 - m i n - i n t e r v a l s . G a s w a s f e d i n t o t h e m a s s s p e c t r o m e t e r t h r o u g h a s m a l l 

b l e e d l i n e o n t h e m a i n f l o w s t r e a m ( s e e F i g u r e I V - 1 ) . 

' The total impurity content of the uranium is about 250 ppm. A detailed analysis of the metal may be 
found in i. G. Schnizlein, e t£l . , Ignition Behavior and Kinetics of Oxidation of the Reactor Metals, 
Uranium, Zirconium, Plutonium, and Thorium, and Binary Alloys of Each. A Status Report, ANL-5974 
(April 1969), p. 146. 

Type 21-611, Consolidated Electrodynamics Corporation, Pasadena, California. 



The gas flow rate during a run was adjusted so that between 
10 and 20 percent of the oxygen in the gas s t ream was consumed. At this 
oxidation rate, an accurate computation of the quantity of oxygen and nitro­
gen which reacted could be made from the resul ts of the mass spectro­
metric analyses. The argon in the air s t ream served as an internal 
standard. At no time was the air s t ream allowed to become excessively 
depleted in oxygen. 

b. Results 

The upper temperature limit of the experiment was found 
to be 1000 C. At 1100 C, the corners of the specimen cubes began to melt 
during the period of rapid heating. The resul ts of typical experiments at 
each of the experimental tempera tures are shown in Figure IV-2 and a 
compilation of the data is given in Table IV-1. The oxidations at 500 and 
600 C occurred generally in two linear stages. The reactions at 700 and 
800 C followed a single linear rate law. The reaction rates at 900 and 
1000 C were initially parabolic and subsequently became linear. The mass 
spectrometric analyses of the exit gas showed no change in the ratio of 
nitrogen to argon,indicating that there was no measurable reaction of nitro­
gen with the samples at any of the temperatures studied. 

Figure IV-2 

TYPICAL RESULTS FROM STUDY OF THE 
URANIUM-AIR REACTION 

(NOMINAL I cm URANIUM CUBES) 

(ATMOSPHERE: 9 4 v / o AIR 6 v/o ARGON) 

108-6540 
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Table IV-1 

ISOTHERMAL RATE CONSTANTS FOR 
THE URANIUM-AIR REACTION 

(Nominal one-cm uranium cube specimens) 
(Atmosphere: 94 v/o a i r -6 v/o argon) 

Reaction Rate Law and Rate Constant 
T e m p e r a t u r e 

( C ) 

5 0 0 

5 0 0 

5 0 0 

6 0 0 

6 0 0 

6 0 0 

6 0 0 

6 0 0 

7 0 0 

7 0 0 

7 0 0 

7 0 0 

8 0 0 

8 0 0 

9 0 0 

9 0 0 

9 0 0 

1000 
1000 
1000 

F i r s t S tage 

L i n e a r 1.1^ 
L i n e a r 
L i n e a r 

L i n e a r 
L i n e a r 
L i n e a r 
L i n e a r 
L i n e a r 

L i n e a r 
L i n e a r 
L i n e a r 
L i n e a r 

L i n e a r 
L i n e a r 

P a r a b o l i 

1.4 

2 . 3 

1.8 

2 . 3 

2 .2 

3 .9 
4 . 4 

4 . 9 
7 . 4 

7 .6 

8 . 8 

5 .8 

7 . 7 

c 676b 
P a r a b o l i c 856 
P a r a b o l i c 1053 

P a r a b o l i c 1060 
P a r a b o l i c 1270 
P a r a b o l i c 1640 

T r a n s i t i o n T i m e (m 

18 
3 5 

2 4 

. 
20 

30 

_ 
-
_ 
_ 
-
-
_ 
-

2 7 

18 

20 

3 8 

4 0 

16 

in) Second S tage 

L i n e a r 1.7 
L i n e a r 1.5 
L i n e a r 3.4 

_ 
L i n e a r 4.4 
L i n e a r 3.8 

_ 
-
. 
_ 
_ 
-

-

L i n e a r 2.1 
L i n e a r 3.0 
L i n e a r 3.0 

L i n e a r 2.7 
L i n e a r 2.7 
L i n e a r 4 .5 

^Linear rate constants in mg 02/(sq cm)(min) 
^Parabolic rate constants in (mg 02/sq cm)ymin 

X-ray diffraction studies of the oxide indicated that U3O8 
was the only oxide formed after considerable reaction. 

c. Discussion 

The resul ts showed that the oxide changes from a non-
protective form at 800 C to a protective form at 900 C and that no signifi­
cant quantity of nitrogen is absorbed by the sample. This latter finding 
makes it possible to seek a simpler and more rapid method of measuring 
the rate of oxidation. A method involving the continuous measurement of 
p ressu re decrease in a closed system is presently under development. 
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The linear reaction at 600 C in air differs somewhat from 
the slightly decelerating reaction noted in previous studies with pure oxygen 
at 600 C (see ANL-6543, p. 168). Whether this difference is due to a cata­
lytic effect of the nitrogen or whether it is a resul t of different experimental 
conditions will be determined in future studies. In particular, it is necessary 
to study the initial stages of the a i r -u ran ium reaction in greater detail be­
cause of the importance of the initial reaction in ignition and burning 
processes . 

2. Isothermal Oxidation of Plutonium 
( j . G. Schnizlein, D. F . Fischer) 

In order to tes t whether the ignition behavior of plutonium is 
strictly thermal in nature, it is necessary to have adequate oxidation rate 
data. Early studies at Los A l a m o s ' and in Great B r i t a i n , ^ conducted in 
air at temperatures below 100 C, demonstrated a marked increase of oxi­
dation in the presence of mois ture . W a b e r ' ^ ' ' ^ and Sachmann -̂  have r e ­
ported that in humid air for extended periods of t ime, oxidation rates of 
plutonium follow logari thmic, parabolic, linear, and accelerating rate laws. 
In dry air , parabolic behavior is usually observed. Sachmann^^ observed 
that oxidation in dry air at 100 C followed a succession of parabolic-shaped 
curves. The f i rs t parabolic rate continued 9 days during which period the 
weight gain was 2.4 mg/ sq cm. This would correspond to a film of plutonium 
oxide less than 20 |U thick. It was thought that the rate of oxidation is limited 
by diffusion of oxygen ions through a thin film of PuO or PU2O3. The oxide 
observed after completion of the experiment was PUO2. 

In studies of the oxidation of plutonium at higher temperature , 
Waber '2 observed accelerating oxidation in oxygen at 345 C and 400 C; 
Dempsey and Kay , ' ^ using air as the oxidant, observed two-stage linear 

9Covert, K. S., and Kolodney, M., Protection of Plutonium Against 
Atmospheric Oxidation, LA-314 (June 1945). 

lODean, D., Kay, A. E., Lowthian, B. W., Powell, R. F . , and Dempsey, 
E., Unpublished data communicated by E. Dempsey to Physical 
Society Conference on "Materials for Nuclear Engineering," July 11, 
1957 (Bagley, K. Q., Nuclear Eng. _2, 46l(Nov 1957). 

l lWaber , J. T., The CorrosionBehaviors of Plutonium and Uranium, 
Proceedings of the Second UN International Conference on Peaceful 
Uses of Atomic Energy, Genevaj6_, 204 (1958). 

l^Waber, J. T., and Wright, E. S., The Corrosion of Plutonium, P r e ­
sented AEC-ASM Conf., Chicago (1957). Also Chapter XVlll The. 
Metal Plutonium (Coffinberry, A. S., and Miner, W. N., Eds.), The 
Univ. of Chicago P r e s s , Chicago, UL, 194 (1961). 

13sachmann, J. F . , The Atmospheric Oxidation of Plutonium Metal, 
Plutonium, I960 International Conference on the Metallurgy of Plu­
tonium, Grenoble, Cleaver Hume, Ltd., London, 222 (1961). 

l^Dempsey, E., and Kay, A. E., J. Inst. Metals 86, 379 (1958). 



172 

ox ida t ion r a t e s at 205 C, l i n e a r ox ida t ion at 303 C , p a r a b o l i c at 416 C, and 
in i t i a l l y p a r a b o l i c at 487 C ( a c c e l e r a t i n g to igni t ion a f t e r 300 m i n ) . The 
p r o t e c t i v e n a t u r e of the oxide f i lm at 416 C, when the m e t a l h a s a d e l t a -
p h a s e s t r u c t u r e , r e s u l t s in a l o w e r ox ida t ion r a t e than at l o w e r t e m p e r a ­
t u r e s . N o t l e y l S l a t e r d e m o n s t r a t e d tha t the ox ida t ion r a t e p a s s e s t h r o u g h 
a m i n i m u m in the v ic in i ty a t 416 C. S ince both p o r o u s oxide and an a d h e r ­
ent oxide w e r e o b s e r v e d and s ince the amoun t of a d h e r e n t oxide i n c r e a s e d 
when the t e m p e r a t u r e w a s i n c r e a s e d f r o m 400 to 450 C, it w a s p r o p o s e d 
tha t the m i n i m u m oxida t ion r a t e could be a ne t r e s u l t of the i n c r e a s e d 
t h i c k n e s s of a d h e r e n t oxide and the s i m u l t a n e o u s i n c r e a s e of the r a t e of 
oxygen diffusion wi th i n c r e a s e d t e m p e r a t u r e . X - r a y d i f f rac t ion s t u d i e s 
showed the r e a d i l y r e m o v a b l e oxide to be PUO2 and the a d h e r e n t i n t e r f a c i a l 
oxide to inc lude both cubic and h e x a g o n a l PU2O3. P r o p e r t i e s and p h a s e r e ­
l a t i o n s h i p s of the ox ides in the p l u t o n i u m - o x y g e n s y s t e m w e r e r e p o r t e d 
e a r l i e r by HoUey et a l . ^ " and r e c e n t l y by C h i k a l l a e t a l . ^^ 

C u r r e n t s t u d i e s of the ox ida t ion of p l u t o n i u m a r e d e s i g n e d to 
deve lop a m o r e t ho rough u n d e r s t a n d i n g of the r e a c t i o n . It i s a n t i c i p a t e d 
tha t i m p o r t a n t c o n c l u s i o n s c o n c e r n i n g the ign i t ion b e h a v i o r of p l u t o n i u m can 
be deduced f r o m the i s o t h e r m a l k i n e t i c s when suff ic ient da t a a t t e m p e r a ­
t u r e s t h rough 500 C a r e a c q u i r e d . 

a. E x p e r i m e n t a l 

Spec ia l p l u t o n i u m s a m p l e s of h igh p u r i t y w e r e ob ta ined 
f r o m Hanford* in the f o r m of c u b e s . C o n c e n t r a t i o n s of m e t a l l i c i m p u r i t i e s 
t o t a l l ed l e s s than 1000 p p m . A n a l y t i c a l da t a on i m p u r i t i e s in the p l u t o n i u m 
a r e p r e s e n t e d in Table I V - 2 . 

Oxygen and a i r f r o m c y l i n d e r s w e r e u s e d wi thou t f u r t h e r 
pu r i f i c a t i on . To avoid u s e of c o n t a m i n a t e d g a s , e a c h g a s w a s s a m p l e d and 
ana lyzed by m a s s s p e c t r o g r a p h y p r i o r to u s e . T y p i c a l a n a l y s e s , e x p r e s s e d 
in vo lume p e r c e n t , w e r e a s fo l lows: oxygen: 99.7 Oj , 0.3 N2, 0.01 A r , 
0.03 H2O; a i r : 20.7 O2, 78.5 Nj , 0.92 A r , 0.1 H^O. 

ISNotley, M. J. F., Hodkin, E. N., and Davidson, J. A. C, The Oxidation of Plutonium and Certain 
Plutonium Alloys in Air and Carbon Dioxide. UKAEA-AERE-R 4070 (1962). See also D. M. Poole 
£^£i.. Properties of Some Plutonium Fuels, Proc. 1960 Intnl. Conf. Metallurgy of Plutonium, 
Grenoble, France, pp. 627-649 (Published by Cleaver Hume Ltd.). 

IBHoUey, C. E., Jr.. Mulford, R. N. R., Huber, E. J., Jr., Head, E. L., EUinger, F. H., and Bjorklund, 
C. W., Thermodynamics and Phase Relationships for Plutonium Oxides, Proceedings of the Second 
UN International Conference on Peaceful Uses of Atomic Energy, Geneva,^, 215 (1958). 

^Chikalla, T. D., McNeilly, C. E.. and Skavdahl, R. E., The Plutonium-Oxygen System. 
HW-74802 (1962). 

*Prepared under the supervision of O. J. Wick, R. W. Stewart, T. Nelson, P. G. Pallmer, and 
R. R. King of Hanford Atomic Products Operation, General Electric Co., Richland, Washington. 
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Table IV-2 

IMPURITIES IN THE PLUTONIUM INGOT 
USED TO PREPARE CUBES 

Metallic element concentrations were obtained by 
three separate spectrographic analyses, carbon by 
combustion, and hydrogen, oxygen, and nitrogen by 
gas analysis . The analyses were performed by 
Hanford Atomic Products Operation. 

ppm ppm 

Mg 
Fe 
Ca 
Cu 
Pb 
Ni 
M n 

Ag 

423 
190 

-
200 
50 
5 
5 
0.1 

180 
198 
100 
50 
50 
23 
20 
10 

220 
178 
100 
50 
50 
38 
20 
10 

Si 
Cr 
Sn 
C 

O2 
N2 
Hz 

2 
5 
5 

260 
110 
105 
3 

2 
5 
3 

14 
5 
7 

The glovebox facility and associated equipment used for 
these experiments have been previously described (see Chemical Engineer­
ing Division Summary for July, August, September, 1961, ANL-6413, p. 168). 

The course of oxidation was followed by changes in weight 
of a sample. A recording balance which automatically adds weights was 
equipped with a temperature t ransducer to permit continuous measurement 
of the sample tempera ture without interfering with the operation of the bal­
ance. The movable portion consists of a coil in ser ies with a precision 
res is tor and a thermocouple which provides the thermoelectr ic output to 
cause a cur ren t in the coil. The movable coil is interlocked with a toroidal 
magnetic amplifier which provides to a recording potentiometer (exterior 
to the box) a potential proportional to the temperature . Calibration has 
demonstrated a precision of two degrees. 

b. Results and Discussion 

Oxidation experiments have been performed at tempera­
tures of 140 through 480 C in oxygen. In general, the observation of some­
what different behavior in each of the temperature ranges of different phases 
(see Chemical Engineering Division Summary for January, February, March, 
1962, ANL-6543, p. 180) is consistent with that reported by Dempsey and 
Kay.^^ In the range of the beta phase (120-220 C), a three-s tage oxidation 
is observed. The third stage shows a linear rate of 20 /^g/(sq cm)(min) 
which does not appear to be temperature-dependent. In the range of the 
gamma phase (220-320 C), an apparently linear rate is observed, ranging 
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from 80 to 200 /ig/(sq cm)(min). In the range of the delta phase 
(320-450 C), the oxide film becomes more protective. 

By careful examination of the initial portion of each 
oxidation run, it was possible to show an initial fit to the parabolic rate 
law for varying periods of time. The subsequent linear rate might then be 
controlled by diffusion of oxygen ions through an adherent layer of com­
pact oxide of essentially constant thickness. During the parabolic portion 
of oxidation in the temperature range of beta-phase plutonium (120-220 C), 
the thickness of this layer is calculated to be approximately one micron. 
The thickness of the adherent layer increases to approximately 50 /i as the 
temperature is increased through the temperature range of the gamma 
phase (220-320 C). 

An Arrhenius plot of the parabolic rate constants is p r e ­
sented in Figure IV-3. It is apparent that the same initial ra te -cont ro l 
process is in effect over the temperature range from 140 to 320 C. The 
activation energy for this process is 32 kcal /mole . The oxide producing 
the protective film has not yet been identified, but the activation energy is 
a reasonable value for solid-state diffusion of oxygen ions. Above 300 C, 
the parabolic rate constant decreases to a minimum at approximately 400 C. 

The linear rate constants for the oxidation subsequent to 
the formation of a film having an essentially constant thickness are p r e ­
sented in an Arrhenius plot in Figure IV-4. The activation energy for this 
overall process from 140 through 300 C is 16 kcal /mole . Above 300 C, a 
different process occurs, which is associated with the increased protect ive­
ness of the oxide film and the occurrence of a minimum rate in the vicinity 
of 400 C. 

In the temperature range in which the beta phase is stable 
(120 to 220 C), a paralinear rate law is followed to a weight gain of approx­
imately 400 fig/sq cm, after which a faster rate of approximately 20 j-ig/ 
(sq cm)(min) is observed. The oxide produced is green instead of gray and 
is a loose powder. The third-stage rate does not appear to have any tem­
perature dependence. 

Oxidation experiments were also performed in air at 
selected temperatures . In each case, the oxidation was essentially identi­
cal to that observed in oxygen. 

c. Conclusions 

It appears that the complexity of the metallurgy of plutoni­
um metal, i.e., the existence of six stable phases at t empera tures under 600 C, 
is reflected in its oxidation kinetics. However, the early oxidation behavior 
between 140 and 300 C can be satisfactorily explained in t e rms of a single 
paral inear rate law. The initially formed oxide is protective until a 
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Figure IV-3 

PARABOLIC OXIDATION DATA FOR PLUTONIUM 
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Figuve IV-4 

LINEAR OXIDATION DATA FOR PLUTONIUM 
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thickness of approximately one micron is developed. This layer remains 
compact and adherent as subsequent oxidation proceeds at an essentially 
linear ra te . The activation energy of 32 kcal /mole for the initial parabolic 
oxidation process is a reasonable value for solid-state diffusion of oxygen 
through the compact oxide. Although the compact oxide may be PuO, the 
presence of beta PU2O3 on most of the oxidized samples examined by 
Not ley^ makes beta PU2O3 the most likely possibility. 

The change in kinetics in the vicinity of 300 C, which re ­
sults in the low oxidation ra tes with a minimum near 400 C, might be 
attributed to an effect of the delta phase of plutonium, which is stable in 
the temperature range from 320 to 450 C. Chikalla et a l . ' ^ and McNeillylS 
have pointed out discontinuities in values of the thermal expansion and 
electrical resist ivi ty of plutonium oxides with an oxygen to plutoniuim ratio 
between 1.64 and 1.98 at approximately 300 C. The plutonium-oxygen phase 
diagram given by Chikalla and a s soc ia t e s ' ^ and shown in Figure IV-5 indi­
cates a phase change in the oxide at 300 C. It would therefore appear more 
reasonable to attribute the change in the oxidation kinetics near 300 C to a 
change in the oxide than to attribute it to a change in the metal structure. 
The oxidation data would be explained in te rms of a low diffusion rate of 
oxygen through the oxide phases that are stable above 300 C. The minimum 
rate at 400 C would be the net resul t of this and the increasing diffusion at 
higher tempera tures . 

Figure lV-5 

LOW TEMPERATURE-HIGH OXYGEN PORTION OF 
PLUTONIUM-OXYGEN PHASE DIAGRAM BY 
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Oxida t ion s t u d i e s above 300 C wi l l be con t inued . B e c a u s e 
of h igh ox ida t ion r a t e s , it i s p r o b a b l e tha t a h e a t s ink a p p a r a t u s wi l l be 
n e e d e d to m a i n t a i n i s o t h e r m a l c o n d i t i o n s . 

B . M e t a l - W a t e r R e a c t i o n s 
(L. B a k e r ) 

1. S tudies of the S t a i n l e s s S t e e l - W a t e r R e a c t i o n by the C o n d e n s e r -
d i s c h a r g e Method 
(L. B a k e r , J r . , R. W a r c h a l ) 

The c o n d e n s e r - d i s c h a r g e e x p e r i m e n t i s an a t t e m p t to ob ta in 
fundamen ta l r a t e da ta u n d e r e x p e r i m e n t a l cond i t i ons s i m i l a r to t hose tha t 
would be e n c o u n t e r e d dur ing a s e r i o u s a c c i d e n t in a n u c l e a r r e a c t o r . 
E i t h e r a n u c l e a r r u n a w a y or a sudden l o s s of coo l an t du r ing o p e r a t i o n of a 
w a t e r - c o o l e d r e a c t o r could r e s u l t in c o n t a c t of v e r y hot fuel and c l add ing 
m e t a l s wi th w a t e r or s t e a m and m i g h t involve fine p a r t i c l e s . The 
c o n d e n s e r - d i s c h a r g e e x p e r i m e n t s i m u l a t e s the l im i t i ng c a s e of a n u c l e a r 
inc iden t , in that the hea t ing t i m e is v e r y s h o r t and v e r y fine m e t a l p a r t i c l e s 
a r e p r o d u c e d . 

In the c o n d e n s e r - d i s c h a r g e e x p e r i m e n t , s a m p l e s in the f o r m of 
m e t a l w i r e s a r e r ap id ly m e l t e d and d i s p e r s e d in a w a t e r - f i l l e d c e l l by a 
s u r g e c u r r e n t f r o m a bank of c o n d e n s e r s . The e n e r g y input to the w i r e s i s 
u s e d to c a l c u l a t e the in i t i a l r e a c t i o n t e m p e r a t u r e . The t r a n s i e n t p r e s s u r e s 
a r e m e a s u r e d and u s e d to ind ica te r e a c t i o n r a t e . The a m o u n t of h y d r o g e n 
g e n e r a t e d g ives the ex ten t of r e a c t i o n , and the p a r t i c l e s i z e of the r e s i d u e 
i n d i c a t e s the s u r f a c e a r e a e x p o s e d to r e a c t i o n . A n a l y s i s of r e s u l t s i s b a s e d 
on one of the u s u a l laws of m e t a l ox ida t ion and on the laws of g a s e o u s dif­
fusion and hea t t r a n s f e r . 

E x p e r i m e n t s wi th s t a i n l e s s s t e e l - 3 1 6 w i r e s w e r e c a r r i e d out 
in w a t e r at r o o m t e m p e r a t u r e , 100 C, 200 C, and 315 C ( see A N L - 6 5 9 6 , 
p . 186 and A N L - 6 6 4 8 , p . 194). The ex ten t of m e t a l - w a t e r r e a c t i o n w a s 
found to be i den t i ca l in 100, 200, and 315 C w a t e r and w a s only s l i gh t ly 
g r e a t e r than the ex t en t of r e a c t i o n in r o o m - t e m p e r a t u r e w a t e r . 

Dur ing the p r e s e n t q u a r t e r , s t a i n l e s s s t e e l - 3 0 2 w i r e s (of 3 0 - m i l 
d i a m e t e r ) w e r e s tud ied b r ie f ly to d e t e r m i n e if t h e r e a r e s ign i f i can t dif­
f e r e n c e s in r e s u l t s with an al loy of s l igh t ly a l t e r e d c o m p o s i t i o n . S t a i n l e s s 
s t e e l - 3 1 6 has a n o m i n a l c o m p o s i t i o n of 17 p e r c e n t c h r o m i u m , 12 p e r c e n t 
n i cke l , and 2 to 3 p e r c e n t m o l y b d e n u m , w h e r e a s s t a i n l e s s s t e e l - 3 0 2 i s a 
s i m p l e r a l loy conta in ing only 18 p e r c e n t c h r o m i u m and 8 p e r c e n t n i c k e l . 
S t a i n l e s s s t e e l - 3 0 2 is i d e n t i c a l in c o m p o s i t i o n wi th T y p e s 304 and 304 L 
excep t tha t the c a r b o n con ten t i s not c o n t r o l l e d a s w e l l in the 302 a l loy . 



In Figure IV-6, resul ts of runs with stainless steel-302 wires 
in water at room temperature and 200 C are compared with previous re ­
sults for stainless steel-316. Results with the two alloys were identical 
except that in the region of high initial metal temperatures in heated water, 
there was somewhat greater meta l -water reaction in two runs with the 
302 alloy than with the 316 alloy. The greater reaction may have resulted 
from the formation of smaller par t ic les by the 302 alloy, since no tendency 
was noted toward the increased reaction in room-temperature water which 
would be expected if the increase were a resul t of differences in reaction 
kinetics. Part ic le size measurements for the runs with stainless steel-302 
have not been completed. Measurements of the reaction rate by means of 
a pressure t ransducer were generally unsatisfactory because of the small 
amount of gas generation and e lect r ical interference from the discharging 
condensers. 

Figure IV-6 
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2. Studies of the Aluminum-Water Reaction in TREAT 
(R. O. Ivins, F. J. Testa, P. Krause) 

The use of the TREAT (Transient REActor Test facility) r e ­
actor at the NRTS, Idaho, to study the reaction of various metals with 
water is continuing. The technique consists of subjecting fuel specimens 
immersed in water to a transient nuclear burst. The objectives of this 
p rogram are : 
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1. to determine the extent of reaction between the metal and 
water; 

2. to determine the fuel temperature and p ressu re history 
during the excursion; 

3. to determine the physical damage that occurs as a resul t 
of the transient; this includes metallographic and part icle 
size evaluations 

Eleven 81 w/o aluminum-17 w/o uranium (fully enriched)-2 w/o 
nickel plates have been subjected to destructive t ransients in TREAT while 
immersed in room-temperature water. This mater ia l is of the same com­
position as the fuel (uranium-loaded) section of the fuel plates which com­
prised the core of the SL-l reactor . The samples tested had the nominal 
dimensions of 0.2 in. by 0.5 in. by 0.5 in. 

A series of nine experiments with aluminum-clad, 77 w/o 
aluminum-23 w/o fully enriched uranium plates was reported in the previous 
quarterly report (ANL-6648, p. 201). An additional t ransient was performed 
with a sample of this material . These samples are sections of a SPERT 
1-D type plate. They had the nominal dimensions of 0.06 in. by 0.5 in. by 
1.4 in. Both of the cladding layers and the core were 20 mils thick. 

These experiments were conducted by subjecting the sample 
plates to a nuclear transient in high-pressure autoclaves. The samples 
were submerged in 45 cc of water with a 20-psia overpressure of helium. 
They were subjected to single bursts in TREAT of energies increasing from 
288 cal/g to 1378 cal /g. The energy input reported for the clad mater ia l is 
based on the total weight of the sample, including both cladding and core . 
The results of the eleven experiments conducted with the SL-l mater ia l are 
summarized in Table lV-3. The resul ts of the single additional experiment 
conducted with the sample of SPERT 1-D-type plate are summarized in 
Table IV-4. 

Chromel-alumel thermocouples were used to nneasure surface 
and center plate temperatures ; however, contact was lost at the melting 
point of the material , limiting the reliable temperature measurements to 
those below the melting point of aluminum (660 C). P r e s s u r e t ransducers 
were used in the experiments conducted at the higher reactor energies to 
record the pressure history during the transient. The unbonded s t ra in-
gage-type t ransducers used were sensitive to radiation, limiting the use­
fulness of the pressure t races obtained; however, no significantly large or 
rapid pressure r i ses were noted. 



Table IZ-3 

SUMMARY OF RESULTS OE TREAT TRANSIENTS CONDUCTED ON UNCLAD ALUMINUM-URANIUM ALLOY I S l - l l PLATES 

Calc 
Energy 

Input 

Ical/gl 

288 

398 

473 

530 

530 

5S0 

672 

739 

880 

1023 

TREAT 
Experiment 

CEN 
No. 

114 

97 

121 

122 

123 

115 

116 

98 

137 

99 

Fuel 

Wl 

'9l 

2.6061 

2.603O 

2.5915 

2,4170 

2.3784 

2.6257 

2.5711 

2.5450 

2.4910 

25050 

(81 w/o A luminum 

(0.2 In. 

Reactor 

Characteristics 

Period 

Imsl 

112 

79 

79 

79 

79 

77 

62 

51 

54 

50 

Int. Power 

(Mw-secl 

174 

240 

285 

320 

320 

350 

405 

445 

530 

616 

- 17 w/o Uran lum-2 w/o Nickel) 
X 0.5 in . X 0.5 in.) 

Peak 

Temp. 

Adiabatic 

(Cl 

900 

1320 

1590 

1820 

1820 

2020 

2330 

2330 

2330 

2330 

Appearance 
of Fuel 
after 

Transient 

Melted and bulged, 

retaining or ig inal stiape 

Melted into one globule 

Melted into one "semt-

c i rcu ia r "g lobu Ie 

iVlelted into one spherical 

globule 

/belted into one spherical 
globule 

/Melted and fragmented 

Melted and fragmented 

/Melted and dispersed par l i -
cles welded to inner s u r ­
faces of autoclave 

Melted and fragmented 

Melted and dispersed par t i ­
cles welded to inner 
surfaces of autoclave 

Avg Particle 

Size, djy 

Imilsl 

-500= 

-500= 

~500a 

-500= 

-500= 

110 

42 

" 

613 

of 

Reaction 

(%l 

0.1 

2,8 

4.5 

7.2 

142 

16.4 

197 

ZZ.2 

27.4 

54.2 

Melted and fragmented 

^Estimated 

SUAWIARY OF RESULTS OF TREAT TRANSIErJTS CONDUCTED ON ALUMINUM-CUD 

Calc 

Energy 
Input 
Ical/gl 

855 

TREAT 
Experiment 

CEN 

No. 

136 

Fuel 

Wt 

'gl 

1.9262 

ALUMINUM-URANIU 

Reactor 

Characteristics 

Period Int, Power 

(ms) (Mw-secl 

41 830 

M ALLOY (SPERT 

Peak 
Temp, 

Adiabatic 
(C) 

2330 

1-D) PLATE 

Appearance 
of Fuel 
after 

Transient 

Melted - Fragments 
welded to stainless steel 
crucible and support arm 

Avg Particle 

Size, djy 
(milsl 

82,7 

Extent 
of 

Reaction 

(») 
20,0 

The appearance of the samples after irradiation showed the 
effectsof the increasingly destructive inputs of nuclear energy. The residues 
were sized with standard sieve screens , and an average particle size di-
anneter was calculated as the Sauter mean diameter dgv* These are tab­
ulated in Tables lV-3 and -4. Figures IV-7, -8 , and -9 contain photographs 
of three of the samples and photomicrographs of metallurgically mounted 
and polished portions of two of the samples of SL-l material tested at var­
ious energies . 

*The Sauter mean diameter, dsv 
Z N j d j 

2Nid? 

where Ni = number of part icles in the i**̂  group; 
di = average diameter of the i*̂ '̂  group. 
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F i g u r e IV-7 

UNCLAD URANIUM-ALUMINUM F U E L P L A T E ( S L - l ) 
A F T E R T R E A T TRANSIENT C E N - 1 1 4 - 288 c a l / g 

Photograph of Plate before and after Transient 

1/2' 

108-5582 Rev. 

Figure IV-10 is a photomicrograph of a sample of the original 
material before testing. There are two phases, which were probably in­
termetallic compounds of uranium and aluminum (UAI4 and possibly UAI3), 
in an aluminum matrix. 

The differences in metallographic appearance of the samples 
subjected to various reactor energies is similar to that reported in the 
previous quarterly (ANL-6648, p. 201). Slab-like crystals were formed 
between nuclear energy inputs of 530 and 800 cal /g (see Figure IV-8). No 
eutectic was found, however, at the higher energies with the SL-l mater ia l . 
The photomicrographs in Figure lV-9 are typical of the appearance of the 
SL-l material subjected to energies greater than 790 cal /g . The forma­
tion of what appeared to be a typical eutectic was previously reported for 
the SPERT material at an energy input of 794 cal /g . The porosity of the 
samples was found to increase with increasing energy input for both 
mater ia ls . 

X-ray diffraction analysis of the residue of various runs indi­
cated the presence of alpha alumina as the product of the aluminum-water 
reaction. The extent of reaction was determined from the hydrogen anal­
ysis of samples of the gas phase in the autoclaves. Figure IV-11 is a plot 
of the amount of plate reacted versus the nuclear energy input for both 
materials tested and includes previous data for the SPERT mater ia l . The 
extent of reaction increased markedly above an energy of 530 cal /g . Be­
low this region, the largest extent of reaction was 2.8 percent. At energies 
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above 530 c a l / g , the amount of m a t e r i a l r e a c t e d i n c r e a s e d to va lues in the 
o r d e r of 10 to 20 p e r c e n t . The u n c l a d p l a t e s r e a c t e d to a s l ight ly g r e a t e r 
ex ten t than the clad p l a t e s ( see F i g u r e IV-11) . The d i f f e r ences in the ex ­
ten t of r e a c t i o n w e r e p robab ly due to the l o w e r s u r f a c e to vo lume ra t io of 
the S L - 1 s p e c i m e n s , which r e s u l t e d in l o w e r e d h e a t l o s s e s and g r e a t e r 
m e t a l - w a t e r r e a c t i o n . At an e n e r g y above ~800 c a l / g , a t h i r d r eg ion of 
v e r y e x t e n s i v e r e a c t i o n (30 to 50 p e r c e n t ) o c c u r s . 

F i g u r e I V - 8 

UNCLAD URANIUM-ALUMINUM F U E L P L A T E ( S L - l ) 
A F T E R T R E A T TRANSIENT C E N - 1 1 5 - 580 c a l / g 

Particle Size Distribution 

Cross-section of Large Particle Photomicrograph 

" ^ V ^ 

^ # ' 

' # 

1'jV '*'^-jic^^iyHH 
i-

l^m^. 
'iW,0§ 

^. 

108-6546 
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F i g u r e I V - 9 

U N C L A D U R A N I U M - A L U M I N U M A L L O Y F U E L P L A T E ( S L - l ) 

A F T E R T R A N S I E N T C E N - 1 3 8 - 1 3 7 8 c a l / g 

Photograph 

Particle Size Distribution 

^PV^'"' ' ' • (_ 

Phf->tomicrograph 

??-«^.ni>A&.^;>'jj^?^':'.>v'v '% 

Photomicrograph 

Oxide 

Metal 

llOX 

1 0 8 - 6 5 4 7 
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Figure IV-10 

PHOTOMICROGRAPH OF ALUMINUM-URANIUM ALLOY FUEL PLATE (SL-l) BEFORE IRRADIATION 

108-6548 2 SOX 

• SPERT iD-AI CLAD(23vy/o U,77w/o Al ) 
X SL I-UNCLAD (81 w/o Al , i7w/o U.2w/o Ni) 

J \ \ L 
400 600 800 1000 

NUCLEAR ENERGY INPUT, col/g 
1200 r400 

Figure IV-11 

RESULTS OF TREAT MELTDOWN 

TESTS WITH ALUMINUM-

URANIUM ALLOY 

SPECIMENS 
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The data appear to correlate well with the resul ts of i sothermal 
studies of aluminum by the levitation method reported in the previous 
quarterly (ANL-6648, p. 196). Slow oxidation of aluminum in steam, occur­
ring at 1300 C and below and obeying a cubic rate law, would account for the 
lack of significant reaction in the in-pile studies below an energy input of 
530 cal /g . The vigorous oxidation of aluminum in steam, which is reported 
to occur between 1400 and 1750 C and which follows a linear rate law, might 
then be associated with the in-pile samples that received energy inputs be­
tween 530 and ~800 cal /g . The vapor-phase ignitions occurring at t emper ­
atures above 1750 C would then account for the large amount of reaction 
occurring during the most vigorous transients of the se r i e s . The bound­
aries for the regions of reaction are somewhat vague, since the in-pile 
experiments are more complex than the laboratory studies. They are non-
steady-state phenomena and require information concerning the temperature 
history of individual particles to allow a description of the reaction. It is 
expected that a more rigorous correlation between the resul ts of the two 
experimental methods can be achieved by a computer study of the type 
previously developed to describe the zirconium-water reaction (see 
L. Baker, J r . , and L. C. Just, Studies of Metal-Water Reactions at High 
Temperatures . III. Experimental and Theoretical Studies of the Zirconium-
Water Reaction, ANL-6548, May 1962). 

3. Status of Metal-Water Reaction Studies 
(L. Baker) 

The long-range objective of the metal-water reactions program 
is to provide a practical means for estimating the rate and extent of r e ac ­
tion that will occur during postulated reactor accidents. The program has 
been divided into three separate phases, as indicated in Table IV-5. The 
first phase involves the experimental determination of the isothermal rate 
laws and rate constants. The second phase involves experimental obser­
vation of the nonisothermal reaction with small particles in order to sim­
ulate accidental situations under idealized conditions. The third and final 

Table 12-5 

STATUS OF RESEARCH PROGRAM ON METAL-WATER REACTIONS 

Zirconium 

Aluminum 

Stainless 

Uranium 

Phase I 

Determination of Isolfi 

Pressure 
Pulse volumetric 

Method IVletfiod 

Completeil 

Work in 
progress*^ 

Completed 
400-1600 C 

ermal Reaction Rate Law 

Levitation 
IVlelting 
Metliod 

Completed 
1200-1800 C 

01 tier 
Institution 

Available 
1000-1850 C 

Phase n 

Study ot ton isolfi ermal Reactions 

Condenser-
discharge 
Method 

Compleled 

Not 
applica()le 

Completed 

Completed 

Laser 
Heating 
Methoda 

Will be 
attempted 

Will be 
attempted 

Will be 
attempted 

Will be 
attempted 

TREAT 
Studies 

Work in 
progress 

Work in 
progress 

Work in 
progress 

Work in 
progress 

Phase i n 

of Reactionh 

Some work suc­
cessfully done 

Will be 
attempted 

Will be 
attempted 

progress 

3|n inilial slage ot development. 

^n is planned to extend these calculations to cases ol full-scale reactor accidents. 

^Volumetric method not completely satislactory and further method development work may be necessary. 
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phase of the program is the development of a mathematical model of metal-
water reactions that will combine i so thermal rate laws with equations of 
heat and mass transfer so that the course of the reaction can be computed 
under any set of initial conditions. An important function of the noniso­
thermal experiments is to provide a check on computed results and also to 
detect physical limitations to the reaction rate that would not be apparent 
in isothermal experiments. In the TREAT exper iments , there is a more 
direct simulation of reactor excursion accidents in which the nature and 
degree of fragmentation of representa t ive fuel element specimens is 
determined. 

It has recently become apparent from the analysis of the SL-l 
incident and the SPERT-1 meltdown that an important source of disruptive 
energy may result from rapid contact of hot, dispersed mater ia l with water. 
The relative contribution of a rapid s team-formation process and a chemi­
cal reaction process is presently unknown. Studies by the laser method 
and the TREAT method will be oriented toward an examination of steam-
formation ra tes as well as chemical reaction ra t e s . 



V. ENERGY CONVERSION* 

Two m e t h o d s of d i r e c t l y c o n v e r t i n g n u c l e a r e n e r g y into e l e c t r i c i t y 
a r e be ing s tud ied . One m e t h o d invo lves the u s e of r e g e n e r a t i v e c e l l s ; the 
o t h e r c o n c e r n s i t se l f with s t u d i e s of the t h e r m o c o u p l e effect . 

A. R e g e n e r a t i v e Emf Cel l 
(C. E . C r o u t h a m e l , M. F o s t e r , C. E . J o h n s o n , R. H e i n r i c h , R. E p p l e y , 

J . Al len , G. McCloud) 

The app l i ca t i on of a r e g e n e r a t i v e emf ce l l in a c l o s e d c y c l e to 
c o n v e r t hea t to e l e c t r i c i t y con t inues to be an a t t r a c t i v e p o s s i b i l i t y for 
fu ture a p p l i c a t i o n s . The c u r r e n t p r o g r a m is c o n c e r n e d wi th d e v i s i n g 
r e g e n e r a t i v e ce l l s y s t e m s which wil l be su i t ab l e for coupl ing to a r e a c t o r 
hea t s o u r c e in a c l o s e d cyc l i c o p e r a t i o n . The p r o g r a m a l s o i n c l u d e s the 
s tudy of the c h e m i c a l and p h y s i c a l p r o p e r t i e s of s e l e c t e d s y s t e m s for the 
p u r p o s e of obta in ing da ta needed for t he d e s i g n of a p r a c t i c a l c e l l . The 
p r o g r a m to date h a s not p r o g r e s s e d to e n g i n e e r i n g a c t i v i t i e s . 

Work h a s been c e n t e r e d a r o u n d the l i t h i u m - b i s m u t h b i m e t a l l i c ce l l 
and the l i t h ium hyd r ide c e l l . E x p e r i m e n t s wi th a lka l i m o l t e n m e t a l s and 
fused s a l t s a r e difficult i n o r g a n i c e x p e r i m e n t s to e x e c u t e s u c c e s s f u l l y . 
T h e r e f o r e , the f i r s t p h a s e of t h i s e x p e r i m e n t a l p r o g r a m w a s m a i n l y l e a r n ­
ing to cope with the p r o b l e m s of hand l ing m o l t e n l i t h i u m and o t h e r a l k a l i 
m e t a l s , and h a s led to the d e s i g n and f a b r i c a t i o n of a b a s i c r e s e a r c h tool -
the v e r y h i g h - p u r i t y i n e r t - a t m o s p h e r e box wi th i t s a s s o c i a t e d h i g h -
t e m p e r a t u r e fu rnace we l l s ( see M. S. F o s t e r _et a l . . H e l i u m - p u r i f i c a t i o n 
Unit for H i g h - p u r i t y I n e r t - a t m o s p h e r e B o x e s , A N L - 6 6 5 2 , D e c . 1962). A 
f a m i l i a r i t y with the l i m i t a t i o n s of c o n s t r u c t i o n m a t e r i a l s for the ga lvan i c 
ce l l and a knowledge of the b e h a v i o r of the fused s a l t e l e c t r o l y t e s in the 
ce l l in the p r e s e n c e of m o l t e n a lka l i m e t a l s and o t h e r m o r e noble m e t a l s 
such a s b i s m u t h , t in and t e l l u r i u m a r e be ing a c q u i r e d . The b a s i c s t u d i e s 
of the t h e r m o d y n a m i c s of the l i t h i u m - b i s m u t h c e l l s a r e a p p r o a c h i n g c o m ­
p le t ion . S tudies on the l i t h ium h y d r i d e ce l l have b e e n c o n c e r n e d wi th the 
de l inea t ion of the l i t h ium h y d r i d e - l i t h i u m c h l o r i d e p h a s e d i a g r a m and wi th 
the o p e r a t i o n of a h y d r o g e n diffusion e l e c t r o d e . 

The b a s i c s tud i e s a r e now be ing ex t ended to the r e g e n e r a t i o n c y c l e by 
high t e m p e r a t u r e ce l l o p e r a t i o n s . De t a i l ed s t u d i e s of a s e c o n d b i m e t a l l i c 
ce l l a r e a l s o be ing p lanned . 

1. B i m e t a l l i c Ce l l s 
(M. S. F o s t e r and R. Eppley) 

L i t h i u m - B i s m u t h Ce l l 

S y s t e m a t i c s t u d i e s to e v a l u a t e the t h e r m o d y n a m i c p r o p e r t i e s of 
the l i t h i u m - b i s m u t h ce l l in t e r m s of e m f - t e m p e r a t u r e - c o m p o s i t i o n da t a a r e 
now a p p r o a c h i n g c o m p l e t i o n . P r e l i m i n a r y e x p e r i m e n t s wi th o t h e r b i m e t a l l i c 

*A s u m m a r y of t h i s s e c t i o n is g iven on p a g e s 25 and 26. 



cells in which lithium was used as an anode and which led to the selection of 
the lithium-bismuth cell for detailed study are reported in Chemical Engi­
neering Division Summary Reports ANL-6477, p. 209, and ANL-6543, p. 200. 

A number of cells have been operated which may be represented 
by one of the following types: 

1. Li ( i ) | LiCl lLi in Bi (.«) (xLi = atom fraction Li) 
IKCl I 

2. Li (.«)| LiCl|Li3Bi (s) saturated Bi (l) 
I KCl l(xLj = overall atom fraction Li = 0.60) 

3. Li ( i ) | L i C l | L i 3 B i (s) saturated Bi ( i ) 
I L iF l(xLj = overall atom fraction Li = 0.60) 

4. Li ( i ) | L i C l | L i in Bi ( i ) (xLi = atom fraction Li) 
I LiF I 

5. Li3Bi (s) saturated • B i ( i ) I LiCll Li in Bi ( i ) 
(xLi = overall atom I LiF I (x^i = atom fraction Li) 
fraction Li = 0.60) 

In cells of type 1 and type 2, the electrolyte consisted of the 
purified eutectic (mp 352 C) of composition 41 m/o potassium chloride and 
59 m/o lithium chloride (see Chemical Engineering Division Summary 
Report for April, May, June, 1961, ANL-6379, p. 233, for method of purifi­
cation with chlorine gas). In cells of types 3, 4, and 5, the electrolyte 
consisted of the eutectic (mp 500 C) of composition 30 m/o lithium fluoride 
and 70 m/o lithium chloride. This eutectic was purified in the same manner 
as the other. The lithium and bismuth alloys were prepared by weighing and 
alloying pure lithium metal and bismuth metal in a helium-atmosphere dry 
box to yield appropriate compositions. 

The f irst two cells studied were of type 1, with x^j = 0.05. Con­
siderable difficulty was experienced in obtaining stable cell voltages, espe­
cially at tempera tures above 500 C, and no useful thermodynamic data were 
obtained. Two causes of this voltage instability have been found. The first 
is the reduction of potassium chloride by the lithium metal, and the second 
is the i r revers ib le t ransfer of lithium metal from the pure lithium metal 
anode to the cathode. These sources of instability will be discussed below. 

Two cells of type 2 were operated with a bismuth cathode satu­
rated with the intermetall ic compound LijBi. At an overall composition of 
60 a/o lithium in bismuth, solid Li3Bi is in equilibrium with a liquid alloy 
phase over the temperature range from 415 to 775 C. Above 775 C, the 
alloy becomes a single liquid phase. The i r revers ib le transfer of lithium 
to this cathode at temperatures below 775 C should not affect the cathode 
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po t en t i a l , s i nce the t r a n s f e r would only r e s u l t in f u r t h e r p r e c i p i t a t i o n of 
sol id Li3Bi wi thout changing the c o n c e n t r a t i o n of l i t h ium in the l iquid p h a s e 
a t any g iven t e m p e r a t u r e be tween 415 and 775 C. H o w e v e r , the c e l l v o l t a g e s 
of the t y p e - 2 c e l l s w e r e found to f luc tua te m a r k e d l y when the o p e r a t i n g 
t e m p e r a t u r e was i n c r e a s e d to above 500 C. T h i s i n s t ab i l i t y of c e l l vo l t age 
i s a t t r i b u t e d to the i n s t ab i l i t y of the l i t h ium anode in i t s e l e c t r o l y t e e n v i r o n ­
m e n t . At t e m p e r a t u r e s above 500 C, the l i t h ium r e d u c e s the p o t a s s i u m 
c h l o r i d e to p o t a s s i u m m e t a l . The p o t a s s i u m is p a r t i a l l y d i s t i l l ed , a s e v i ­
denced by the condensa t ion of p o t a s s i u m m e t a l on the c o o l e r s e c t i o n s of 
the e l e c t r o d e l e ads in the uppe r p a r t of the c e l l . The r e m a i n i n g p o t a s s i u m 
m e t a l , which is i m m i s c i b l e wi th l i t h ium, f o r m s a s econd l iqu id m e t a l p h a s e 
a t the anode . Thus two l iquid m e t a l p h a s e s a r e in con t ac t wi th e a c h o t h e r 
and with the e l e c t r o l y t e that con ta ins ions of the two m e t a l p h a s e s . The 
r e s u l t i n g anode po ten t i a l i s , t h e r e f o r e , a c o m p o s i t e of the ind iv idua l 
me ta l ] m e t a l ion po ten t i a l s (in th is c a s e , a c o m p o s i t e of the L i | Li'' ' and 
K | K ' ' ' po ten t ia l s ) and is l e s s pos i t i ve , wi th r e s p e c t to the ca thode po t en t i a l , 
t han the s ingle L i | Li''' po ten t i a l . It i s expec ted , t h e r e f o r e , t ha t the emf of 
a t y p e - 3 ce l l , in which the p o s s i b i l i t y of obta in ing a c o m p o s i t e anod ic p o ­
t e n t i a l is r e m o v e d by subs t i tu t ing l i t h ium f luor ide for p o t a s s i u m c h l o r i d e 
in the e l e c t r o l y t e , wi l l be g r e a t e r than tha t of a t y p e - 2 ce l l a t a g iven 
t e m p e r a t u r e above 500 C. 

The r a t e of r e d u c t i o n of p o t a s s i u m c h l o r i d e in a t y p e - 2 c e l l 
should i n c r e a s e with an i n c r e a s e in t e m p e r a t u r e . T h u s , the d i f f e rence in 
e m f ' s of ce l l s of types 2 and 3 should a l s o i n c r e a s e wi th o p e r a t i n g t e m ­
p e r a t u r e . This behav io r i s exempl i f i ed in F i g u r e V - 1 . It w a s p o s s i b l e to 
o p e r a t e ce l l s with a l i t h ium c h l o r i d e - l i t h i u m f luor ide e l e c t r o l y t e a t m u c h 
h ighe r t e m p e r a t u r e s than c e l l s with a l i t h ium c h l o r i d e - p o t a s s i u m c h l o r i d e 
e l e c t r o l y t e . E a c h c u r v e shown in F i g u r e V - 1 was ob ta ined by the l e a s t -
s q u a r e s method f rom two indiv idual e x p e r i m e n t s . The uppe r c u r v e , for 
the t ype -3 cel l , c o r r e s p o n d s to the equa t ion 

e (v) = 0.5264 -I- 7.3958 x 10"^ T - 6.4317 x lO"' ' T^ 

The s t a n d a r d devia t ion of the da ta f r o m th i s c u r v e is 3.4 mv . 

(1) 

i - L i F ELECTROLYTE 
(TYPE-3 CELL) 

670 7iO 750 

-6550 

7 9 0 8 3 0 870 9 i 0 9 5 0 
TEMPERATURE. K 

0 3 0 1070 1110 

Figure V-1 

EMF VS TEMPERATURE FOR THE 
LITHIUM-BISMUTH CELL 

Type-2 Cell; Lithium (i) LiCI 
KCl 

Bismuth (,1) 
Satd. with 
LigBiCs) 

JLiCll^'™""^** 
Type-3 Cell; Lithium (i) Satd. with 

I " " lUgBiCs) 
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I the case of the t y p e - 4 c e l l , w h i c h h a s an u n s a t u r a t e d l i thium-
b i s m u t h ca thode , the second s o u r c e of v o l t a g e i n s t a b i l i t y r e m a i n e d , namely, 
the so lub i l i ty of l i th ium m e t a l in the e l e c t r o l y t e and i t s i r r e v e r s i b l e t ransfer 
to the ca thode . The vo l t ages of c e l l s of t h i s type w e r e found to d rop rapidly 
wi th t i m e and t e m p e r a t u r e c y c l i n g . A s o l u t i o n to t h i s p r o b l e m was n e c e s s a r y 
be fo re c o m p l e t e e m f - t e m p e r a t u r e - c o m p o s i t i o n da t a could be obtained. Since 
s t ab l e e m f - t e m p e r a t u r e da t a had b e e n o b t a i n e d wi th t y p e - 3 ce l l s ( see F i g ­
u r e V - 1 ) , i t was p o s s i b l e to u s e the b i s m u t h e l e c t r o d e s a t u r a t e d with Li3Bi 
as a s e c o n d a r y r e f e r e n c e anode for the emf m e a s u r e m e n t s of m o r e dilute 
l i t h i u m - b i s m u t h c a t h o d e s in c e l l s of type 5. In t h e s e e x p e r i m e n t s , the con­
cen t r a t i on of l i t h i u m in the e l e c t r o l y t e w a s r e d u c e d m a n y fold by the reduced 
act ivi ty of l i t h ium in the anode . T h u s , in t y p e - 5 c e l l s , the l i t h ium co mp o s i ­
tion of the ca thode r e m a i n e d s t a b l e . The p e r f o r m a n c e of t h e s e ce l l s was 
v e r y s a t i s f a c t o r y ; the v o l t a g e s w e r e s t a b l e and r e p r o d u c i b l e . F i g u r e V-2 
shows the c o m p l e t e e m f - t e m p e r a t u r e - c o m p o s i t i o n da ta for t y p e - 4 ce l l s . 
The da ta w e r e d e r i v e d f r o m m e a s u r e m e n t s m a d e wi th t y p e - 3 and t y p e - 5 ce l l s , 
except for the da ta p e r t a i n i n g to the c e l l in wh ich a 60 a / o l i t h i u m - b i s m u t h 
cathode was u s e d a g a i n s t a p u r e l i t h i u m anode . The da ta for th is ce l l w e r e 
obtained by d i r e c t m e a s u r e m e n t . 

Figure V-2 

LITHIUM - BISMUTH CELL CHARACTERISTICS 

olyte 
30 m/o LiF-70 m/o LiCI (eutectic) 

900 950 1000 
TEMPERATURE. 

L i t h i u m - B i s m u t h -
U r a n i u m Cel l 

If b i m e t a l l i c c e l l s a r e 
t h e r m a l l y r e g e n e r a b l e , it i s 
n e c e s s a r y to add hea t to the al loy 
f o r m e d in the ce l l ca thode . A 
nove l a p p r o a c h to the p r o b l e m of 
adding hea t m i g h t be to d i s so lve 
a s m a l l a m o u n t of e n r i c h e d u r a ­
n i u m in the a l loy. The conf igura ­
t ion of the ca thode m a t e r i a l in 
the c e l l would be n o n c r i t i c a l to 
avoid h e a t g e n e r a t i o n in the g a l ­
v a n i c ce l l , but in the r eg i o n of 
the r e g e n e r a t o r , it would be 
c r i t i c a l o r a p p r o a c h c r i t i c a l i t y . 
If, due to so lub i l i ty or ce l l p r a c ­
t i ce l i m i t a t i o n s , the amoun t of 
u r a n i u m was insuff ic ient to 
a c h i e v e c r i t i c a l i t y in the r e g e n e r ­
a t o r , add i t i ona l n e u t r o n s migh t be 
supp l ied f r o m an e x t e r n a l s o u r c e . 
The h e a t n e c e s s a r y for r e g e n e r a ­
t ion would thus be g e n e r a t e d d i ­
r e c t l y in the a l loy f r o m f i s s ion 
e n e r g y . 

108-6551 
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In order to determine whether the addition of a small quantity 
of uranium to the lithium-bismuth cathode of a cell would seriously affect 
its voltage, a cell was assembled in which the anode was pure lithium and 
the cathode was an alloy of lithium, bismuth, and uranium (normal) in which 
the atomic ratio of the elements Li:Bi:U was 0.610:0.384:0.006. The data 
obtained with this cell together with data obtained with cells (type 3) without 
uranium are shown in Figure V-3. The curve (solid line) was obtained by 
applying the leas t -squares method to the experimental data. Considerable 
scatter of the data from the curve is evident. 

Figure V-3 

TEMPERATURE VARIATION OF 
EMF IN THE LITHIUM-

BISMUTH-URANIUM CELL 

Cell; Li LiCl-LiF 
Li (61 a/o) 
Bi (38.4 a/o) 
U (0.6 a/o) 
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DATA FROM L(-ei-U CELL 
DATA FROM CELL5 
HAVING CATHODE OF 
Bi SATURATED WiTH L.3G1 
(TYPE-3 CELLS} 

- I I 1 I L 1 I I I L 

The data presented in Fig­
ure V-3 indicate that the addition of 
a small amount of uranium does not 
seriously affect the cell voltage at 
anticipated cell temperatures (450 to 
550 C) and to this extent a re consist­
ent with the suggested use of uranium 
as a heat source in the thermal r e ­
generation of the lithium-bismuth cell. 

Thermal Regeneration 

850 890 930 
TEMPERATURE. K 

The spontaneous galvanic cell 
reaction, i.e., the revers ible transfer 
of lithium from the anode to the cath­
ode, forms the low-temperature (Tj) 
isothermal leg of a closed Carnot 
Cycle. The li thium-enriched liquid 
cathode alloy is now removed from 
the cell and raised to a higher tem-

108-6552 perature (Tj) adiabatically. At this 
higher temperature heat is absorbed 

isothermally by the alloy. The thermal dissociation of the lithium-bismuth 
alloy may be wholly or partially completed, depending upon the vapor p r e s ­
sure of lithium above the alloy. The lithium and bismuth (or lithium and 
lithium-bismuth alloy of lower lithium content than that produced in the 
galvanic cell) are separately returned to the cell at the lower temperature Tj. 
This last step forms the final adiabatic leg of the Carnot Cycle. The maxi­
mum overall efficiency of the cyclic process is given by 

(T2 - T I ) / T 2 . 

If one assumes that the data for Equation 1 may be extrapolated 
to 1273 K, the cell voltage is calculated to be 0.4256 v. At this point, the 
entire cathode would be molten; thus. 

l n 7 Li^Li 
Fe 
RT 

XLi = 60 a/o 
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or 

In a (L i in Bi) = -3 .8796 

and 

a ( L i in Bi) = 2.07 x 1 0 ' ^ 

If it i s d e s i r e d to c a l c u l a t e the v a p o r p r e s s u r e of l i th ium over 
this a l loy a t e q u i l i b r i u m , the fo l lowing r e l a t i o n s h i p m a y be used: 

a (L i in Bi) = a ( L i in gas o v e r a l loy) 

F u r t h e r , f r o m da t a on p u r e l i t h i u m , 

^PLi , p u r e a t 12 73 K = 40 m m 

If we a s s u m e 

, / T • • 11 \ L i in g a s o v e r a l loy a ( L i m g a s o v e r a l loy) = 2 L 

^ P L i , p u r e 

then 

^ P L i in g a s o v e r a l l oy = 2.07 x lO ' ^ x 40 = 0.8 m m . 

This e s t i m a t e d v a l u e is qu i t e low, i nd i ca t i ng tha t it m a y be difficult to r e ­
g e n e r a t e t he l i t h i u m - b i s m u t h c e l l by s t r a i g h t f o r w a r d t h e r m a l m e a n s . How­
eve r , s y s t e m s wi th b i s m u t h which involve o t h e r a l k a l i m e t a l s m a y be 
expec t ed to have s u b s t a n t i a l l y h i g h e r v a p o r p r e s s u r e s of the a l k a l i m e t a l s 
above t h e i r s o l u t i o n s in b i s m u t h in v iew of the h i g h e r v a p o r p r e s s u r e s of 
the p u r e a l k a l i m e t a l s and the l o w e r m e l t i n g po in t s ( ind ica t ive of l ower 
s tab i l i ty ) of t h e i r i n t e r m e t a l l i c c o m p o u n d s with b i s m u t h . 

2. P h a s e S tud ie s by Hea t i ng and Cool ing C u r v e s 
(C. E . J o h n s o n and J . Al len) 

I n f o r m a t i o n is n e e d e d on the v a r i o u s s a l t s y s t e m s tha t m a y have 
u t i l i ty in the l i t h i u m h y d r i d e o r b i m e t a l l i c fuel c e l l s . The a p p a r a t u s that is 
be ing u s e d in the s tudy of t h e s e s y s t e m s was d i s c u s s e d in a p r e v i o u s q u a r ­
t e r l y r e p o r t ( A N L - 6 5 9 6 , p . 203) . 

P h a s e d i a g r a m s have b e e n u s e d by s e v e r a l i n v e s t i g a t o r s to d e ­
r i v e t h e r m o d y n a m i c da ta for b i n a r y s a l t m i x t u r e s . H a e n d l e r , 2 F lood ,3 and 
B u e s m a n ' ^ have r e p o r t e d t h e r m o d y n a m i c da ta c a l c u l a t e d on the b a s i s of 

•"•Handbook of Chemistry and Physics, 43td ed. Chem. Rubber Publishing Co. Cleveland, Ohio, 1961-62. 
2 Haendler, H., Sennet, P.. and Wheeler, C . J. Electrochem. Soc. 1^ , 264 (1959). 
•̂ Flood, H., Fykse, O., and Urnes, S., Z. Electrochem_59, 364 (1955). 
^Buesman, C . ORNL-2323 (1957). 
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phase diagrams of binary halide salt mixtures. Utilizing the method sug­
gested by Wagner,5 thermodynamic data have been calculated for the binary 
lithium hydride-lithium chloride system. 

In the analysis of this phase diagram only the heterogeneous 
equilibrium between pure solid and a binary liquid mixture is considered. 
With no evidence for solid solution, it can be concluded that only pure solid 
is present. For such a system the relative part ial molar free energy of 
component 1 in the liquid mixture is 

F r ^ ^ N x l ^ U e ) . A H , ( ^ ^ ) . T e / ' ' ^ r ' Cp i^ ' -Cp i^ ) aT 
^ T m i '^Tmi 

when the mixture is in equilibrium with the pure solid of component 1. Here 
Te is the liquidus-solidus equilibrium temperature of the system at compo­
sition Xz (mole fraction of component 2), AHf the heat of fusion of one mole 
of component 1 at Tm, (the normal freezing point of component l), and 

if) (s) 
Cpj and Cpi are the molar heat capacities of pure component 1 in the 
liquid and solid state. The standard state for the liquid phase is taken as 
the pure supercooled liquid and that of the solid phase is the pure solid at 
the equilibrium temperature. 

It is advantageous to express the derived quantities in t e rms of 
the excess partial molar free energy: 

F f ^ ' ( X z ) = F r ^ ^ ' - R T e m d - x i ^ . ' ) ; 

F f (^ ' (X3) = F z " ^ ^ ' ) - R T e l n x . . 

If the activity coefficients of each component a re desired, they are readily 
obtainable from 

Ff^^^(Xa) = R T l n T , ; f f ^^ ^X z) = RT In 7, . 

According to Wagner,5 values for the activity coefficient may 
be difficult to interpret. In ideal solutions the activity of each component 
is unity. Numerous real systems deviate from ideal behavior to a large 
extent and hence activity coefficients represent a most convenient method 
of comparing these deviations. 

The phase diagram for the system lithium hydride-lithium 
chloride is shown in Figure V-4. With the use of these data and the above 
equations, calculations have been made of the free energy of mixing and the 

Wagner, C , Thermodynamics of Alloys, Addison Wesley P r e s s , 
Cambridge, Mass. (1952) Chap 4, pp. 67-75. 
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activity coefficient for each component over the composition ranges in 
which the components precipitate from solution. These data are given in 
Tables V-1 and -2. In these calculations, it was assumed that Cp is inde­
pendent of temperature. The value for the heat of fusion of lithium hydride 
was taken from the estimated value of Gibb and Messer . ° The activity 
coefficients, which are near unity, indicate that the system closely approxi­
mates an ideal solution. 

Figure V-4 

LiH-LiCl PHASE DIAGRAM 

40 60 
L iH, mole percent 
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Table V-1 

THERMODYNAMIC DATA FOR LiH IN LiH-LiCl SYSTEM 

L i H 
(Mole Fraction) 

0.340'* 
0.332 
0.401 
0.451 
0.495 
0.522 
0.576 
0.654 
0.698 
0.786 
0.852 
0.901 
1.0 

T e " 
(K) 

768.8 
796.4 
802.3 
825.6 
834.8 
845.5 
859.0 
889.1 
892.9 
912.7 
929.1 
938.3 
959.0 

• p m b 

(cal/mole) 

-1561 
-1331 
-1281 
-1086 
-1010 

-921.3 
-810.1 
-563.7 
-532.0 
-371.6 
-238.2 
-165.7 

-

p E C 

(cal/mole) 

86.7 
193.1 
176.5 
219.6 
156.1 
169.8 
131.7 
186.1 
105.4 
64.0 
57.7 
28.5 

" 

d 
y 

1.058 
1.130 
1.117 
1,143 
1.099 
1.106 
1.080 
l . I l l 
1.061 
1.036 
1.032 
1.015 
1.0 

a-Te = Liquidus-solidus equilibrium temperature 

b p m = Relative partial molar free energy, 

c pE = Excess partial molar free energy, 

d^ = Activity coefficient 

6 Eutectic composition 

^Gibb, T. R. P., Jr., and Messer, C. E., NYO-3957 (1957) p. 16. 
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Table V-2 

THERMODYNAMIC DATA FOR LiCI IN LiH-

LiCl 
(Mole Fraction) 

0.660^ 
0.689 
0.706 
0.750 
0.765 
0.802 
0.825 
0.850 
0.853 
0.880 
0.902 
0.939 
0.950 
1.0 

T e ^ 
(K) 

768.8 
795.3 
802.4 
820.7 
826.5 
837.3 
842.0 
846.2 
848.0 
856.1 
860.1 
867.6 
870.2 
879.9 

p m ^ 

(cal /mole) (i 

-59.7 
-451.3 
-414.1 
-317.2 
-286.3 
-228.5 
-203.6 
-181.0 
-171.6 
-127.7 
-106.5 

-66.1 
-52.0 

-

.LiCI SYSTEM 

F E -

cal/mole) 

44.3 
138.6 
144.4 
151.9 
153.6 
139.3 
118.9 
92.4 
96.9 
90.1 
69.4 
41.9 
36.0 
-

^ d 

1.029 
1.092 
1.093 
1.098 
1.098 
1.087 
1.074 
1.056 
1.059 
1.054 
1.041 
1.025 
1.021 
1.00 

3-Te = Liquidus-solidus equilibrium temperature , 

b pm = Relative part ial molar free energy. 

c pE - Excess part ial molar free energy, 

d-y = Activity coefficient. 

^ Eutectic composition. 

3. Hydrogen Diffusion Electrode 
(R . Heinrich and G. McCloud) 

The study of various mater ia ls for possible use as diaphragms 
in a hydrogen gas electrode was continued. Two diaphragms, one a 
0.0055-in-thick, 10 w/o molybdenum-iron alloy and the other a 0.0055-in.-
thick, 5 w/o molybdenum-iron alloy, were received from Battelle Memorial 
Institute. These alloy compositions were chosen for study because the 
solubility of hydrogen in molybdenum-iron alloys reaches a maximum at 
about 8 w/o molybdenum.^'" Since hydrogen solubility is usually related to 
the rate of hydrogen permeation of an alloy, it was anticipated that hydrogen 
solubility would prove to be a good cr i ter ion for the selection of the alloys. 

"^Barrer, R. M., Diffusion in and through Solids, Cambridge University 
P re s s (1951) p. 158. 

Ss iever t s , A., and Bruning, K., Arch. Eisenhuttenw., 1, 641-5 (1934). 
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After welding the alloy specimens to suitable holders by means 
of an electron beam, the rate of permeat ion of hydrogen through the alloys 
was measured over the range from 350 to 800 C. The data for the two alloys 
(calculated for a 0.010-in. thickness based on measurements made with 
0.0055-in.-thick specimens) a re given in Table V-3, along with data for a 
0.010-in.-thick pure (Armco) iron diaphragm similar ly welded to a suitable 
holder. The data indicate that the permeat ion ra tes for the BMl alloys were 
slightly lower than those for pure iron below about 650 C and were slightly 
higher above about 700 C. It was concluded that these alloys would not be 
suitable for cell application since only low current densities could result 
from their use. 

Table V-3 

PERMEATION RATES OF HYDROGEN THROUGH 10-MIL-THICK IRON 

Temp 
(c) 
350 
400 
450 
500 
550 
600 
650 
700 
750 
800 

AND IRON 

Armco 
F e 

( cc /min / sq cm) 

-
1.07 
1.93 
2.80 
4.43 
6.61 
8.74 
1.17 
1.58 

-

X 

-MOLYBDENUM ALLOYS 

10^ 

Battelle 
5 w/o M o - F e ^ 

(cc /min / sq cm) 

4.26 
6.71 
1.29 
2.32 
3.40 
4.78 
6.44 
8.42 
1.05 
1.28 

X 1 0 ' ^ 
X 1 0 ' ^ 
X 10"^ 
X 10"^ 
X 10"^ 
X 10^^ 
X 1 0 ' ^ 
X 10"^ 
X 1 0 ' ' 
X 1 0 " ' 

Battelle 
10 w/o Mo-Fe^ 
(cc/min/sq cm) 

4.96 X 10"^ 
7.66 X 10"^ 
1.24 X 10'^ 
1.98 X 10'^ 
2.76 X 10'^ 
4.47 X 10'^ 
5.30 X 10'^ 
7.46 X 10"^ 
9.26 X 10'^ 
1.17 X 10"' 

3-Calculated values for a 10-mil-thick diaphragm based on 
measurements made with a 5.5-mil-thick specimen. 

Vanadium 

Because of an inability to obtain reliable welds of vanadium to 
stainless steel, the welded-type diaphragm could not be used in determining 
hydrogen permeat ion ra tes through vanadium. Instead, a swage-type s eaP 
was employed. The first data recorded with a pure, 0.010-in.-thick vanadium 
diaphragm at 500 C yielded the very high permeation rate of 7.42 c c / m i n / 
sq cm. The experiment which yielded this high permeation rate lasted 80 sec. 
After purging with hydrogen gas for 20 min, the experiment was repeated. 
However, the new permeation rate was much lower than the initial rate, 
and subsequent attempts to reproduce this rate were unsuccessful. The most 
consistent data obtained are recorded in Table V-4. However, even these 

9Brymner , R., and Steckelmacher, W., J. Sci. Inst. 36, 278 (1959). 
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data could not be reproduced several days later. It is concluded that, 
although hydrogenpurified by diffusion through si lver-pal ladium was used 
throughout the experiment, the amounts of t race impurit ies of nitrogen and 
oxygen in the system were sufficient to r es t r i c t permeation of hydrogen 
through vanadium at the temperatures of the tests (500 to 575 C). Incon-
sistent operation of a hydrogen gas diffusion electrode was also apparent m 
experiments with niobium diaphragms at Thompson Ramo Wooldridge. 
Some method of protecting the metal surface of any of the reactive metals 
needs to be devised before reliable operation of the diaphragm can be 
assured. 

Table V-4 

PERMEABILITY OF HYDROGEN THROUGH 10-MIL-THICK 

Temp 
(C) 

500 
525 
550 
575 

PURE VANADIUM DIAPHRAGMS 

Current Density 
Calculated at 100% 

Permeation Rate Electrode Efficiency 
[cc(STP)/min/sq cm^] (ma/sq cm) 

3.64 520 
4.58 657 
6.38 914 
8.69 1240 

^0.699 cm^/min/sq cm is equivalent to 100 m a / s q cm 
at one hundred percent cell efficiency. 

B. Thermoelectr ici ty Research 
(R. K. Edwards) 

Studies in thermoelectr ici ty are underway in an effort to contribute 
to the future technological development of direct conversion of nuclear r e ­
actor heat energy into electr ical power by means of the thermocouple effect. 

Two limited mater ia ls a reas have been selected as of special 
interest . Liquid thermocouple mater ia ls a re under investigation. Refractory 
solid thermocouple systems form the other major a rea since they are con­
sidered to be of part icular interest in reactor energy conversion. 

The personnel associated with thermoelectr ici ty r e sea rch are under­
taking additional r e sea rch in the a rea of high-temperature mate r ia l s . A 
program of high-temperature chemistry centered about likely high-
performance refractory fuels for nuclear reac tors in their operating envi­
ronments is being undertaken. Currently, planning and acquisition of equip­
ment is in p rogress . Studies of refractory mater ia ls a re planned as follows: 

I O A S D - T D R - 6 2 - 2 4 1 , Electrode Development Program, TAPCO Division 
of Thompson Ramo Wooldridge, Inc. (Jan 23, 1962). 
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(a) effusion and mass spect rometr ic studies of the gaseous decomposition 
products of the refractory nuclear fuels, (b) gaseous transport studies, and 
(c) phase-diagram studies. 

1. Liquid Systems 
(R. K. Edwards, P. Danielson) 

The studies of Seebeck coefficients in liquid systems were de­
ferred during this repor t period. It is intended to complete these studies by 
measurement of Seebeck coefficients in the liquid indium-bismuth system at 
750 C, so that the coefficients of the three related systems: indium-bismuth, 
indium-antimony, and antimony-bismuth, may be compared at the same tem­
perature, and to measure the e lec t r ica l conductivities of these systems. 
Equipment revision for this purpose is in p rogress . 

2. Refractory Solid Thermocouple Systems 
( M . Tetenbaum, F. Mrazek) 

Materials possessing high melting points and low vapor pres­
sures are desirable for use as energy-conversion devices at high temper­
atures, such as might be encountered in possible nuclear reactor systems. 
The lanthanide and actinide sulfide systems are highly refractory, and have 
phases with c a r r i e r concentrations in the semiconducting range. The ura­
nium and thorium sulfide systems and their solid soutions have been selected 
for study. 

Expe r imental 

Measurements of the Seebeck coefficient as a function of tem­
perature have been made with sintered specimens (~85 percent of theoretical 
density) of uranium monosulfide (US)-thorium monosulfide (ThS) solid solu­
tions* of composition (expressed in mole percent) 75 US-25 ThS and 
25 US-75 ThS. The resul ts a re shown in Figure V-5, along with previously 
reported thermoelect r ic power measurements in the US-ThS system (see 
ANL-6648, p. 227). 

The resul ts obtained with these solid solutions are consistent 
with previous observations, namely, that (l) thermoelectric power shows 
only a weak dependence on temperature and (2) the Seebeck coefficient de­
c reases with increasing ThS content. 

The trend in Seebeck coefficient values with composition ap­
pears to reflect the increased metallic character of the US-ThS system with 
increasing ThS content, and is also consistent with the behavior of room-
tempera ture resis t ivi ty values** obtained with these specimens, namely, 

* We a re indebted to P. Shalek, Metallurgy Division, for preparing 
these specimens. 

** A s imilar trend in room-tempera ture resist ivity values has been 
obtained bv P. Shalek of the Metallurgy Division. 
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that a decrease in resistivity occurs with increasing ThS content, as shown 
in Table V-5. The initial resistivity r i se when ThS is added to US can be 
attributed to lattice disorder. 

Figure V-5 

ABSOLUTE SEEBECK COEFFICIENT VS TEM­
PERATURE FOR URANIUM MONOSULFIDE, 
THORIUM MONOSULFIDE, AND URANIUM 
MONOSULFIDE-THORIUM MONOSULFIDE 

SOLID SOLUTIONS 

"0 100 200 300 400 500 600 700 800 900 1000 MOO 1200 
TEMPERATURE.C 
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Table V-5 

APPROXIMATE ROOM-TEMPERATURE 
RESISTIVITY VALUES AS A FUNCTION 

OF COMPOSITION FOR THE 
US-ThS SYSTEM 

C ompo s ition^ 
Resistivity 
(id ohm-cm) 

US 
75 US-25 ThS 
50 US-50 ThS 
25 US-75 ThS 

ThS 

290 
365 
270 
175 
70 

a. Sintered specimens -85% theo­
retical density. 
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Theory 

The temperature dependence of the thermoelectric power of 
uranium monosulfide has been calculated by means of simplified semi­
conductor theory. 

The general expression for the Seebeck coefficient for a given 
current ca r r i e r of one sign is given by 

k 
a = + — 

£j_2 F r - n (T)*) 

r - H Fj. (T)*) (1) 

where a is the Seebeck coefficient or thermoelectr ic power, k the Boltz-
mann constant, e the c a r r i e r charge, T) * = E*/kT is the reduced chemical 
potential, E* the chemical potential of the c a r r i e r s , r the scattering index, 
and Fj.(•)]*), FI.- | -I(T]*) denote Fermi -Di rac integrals defined by 

Fmi-n*) 
dV 

1 + exp (T) - T]*) 
(2) 

where r) = E/kT is the reduced energy, the value of E being the energy of 
the hole relative to the top of the valence band. 

For atomic lattices where r = 0 (scattering due to acoustic 
vibrations), we have 

1 
2FI (TI*) 

FO{T)*) V (3) 

For the case of an ionic lattice where r = 1 (scattering due 
to polar vibrations), we have 

k a = — 
e 

_3_ F2(T)*) 

2 ^ F,(ri*) r,--

Assuming that the ca r r i e r concentration n in uranium mono­
sulfide is independent of temperature , we can estimate rj* by means of the 
following expression; 

47r i^inl±l£!l r,Mri*) (4) 

vhere h is Planck's constant, and m* is the effective mass of the ca r r i e r . 
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U s i n g n = 1 0 ^ ' , o b t a i n e d f r o m H a l l c o e f f i c i e n t m e a s u r e m e n t s , 

a n d a s s u m i n g m * = m o = f r e e e l e c t r o n m a s s , t h e c u r v e s s h o w n i n F i g ­

u r e V - 6 w e r e c a l c u l a t e d b y m e a n s of t h e a b o v e e q u a t i o n s . It i s a p p a r e n t 

t h a t t h e a g r e e m e n t b e t w e e n t h e c a l c u l a t e d a n d e x p e r i m e n t a l v a l u e s i s q u i t e 

p o o r . 

Figure V-6 

COMPARISON OF CALCULATED AND EXPERIMENTAL SEEBECK 
COEFFICIENTS FOR URANIUM MONOSULFIDE FOR 

DIFFERENT SCATTERING MECHANISMS 
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The d i s c r e p a n c y be tween the c a l c u l a t e d and e x p e r i m e n t a l 
Seebeck va lue s can be a t t r i b u t e d to a t e m p e r a t u r e - d e p e n d e n t effect ive m a s s 
t e r m , or p e r h a p s , a l though l e s s l ike ly s ince the s y s t e m is d e g e n e r a t e , to 
an a p p r e c i a b l e change in c a r r i e r c o n c e n t r a t i o n with t e m p e r a t u r e . By u s e 
of the e x p e r i m e n t a l Seebeck coeff icient v a l u e s and the above e q u a t i o n s , the 
effective m a s s va lue s have been e s t i m a t e d for the t e m p e r a t u r e r a n g e 
s tud ied . The r e s u l t s a r e s u m m a r i z e d in Tab le V - 6 . The s p r e a d in e f fec­
t ive m a s s va lues with t e m p e r a t u r e is too l a r g e . It i s a p p a r e n t tha t the 
above t r e a t m e n t does not account s a t i s f a c t o r i l y for the t e m p e r a t u r e depend ­
ence of the t h e r m o e l e c t r i c power of u r a n i u m m o n o s u l f i d e . 

Table v-6 

EFFECTIVE MASS VALUES REQUIRED TO FIT DATA 

Seebeck 
Coeflicient 

(mv/C) 

TMeasurements obtained by M. Kantet and C. Kazmierowicz, Solid State Science Division, Argonne 
National Laboratory. 
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VI. R O U T I N E OPERATIONS 
( H . G . Swope) 

H i g h - l e v e l G a m m a I r r a d i a t i o n F a c i l i t y 
(H. G. Swope, G. T e a t s , R. J u v i n a l l , V. L e m k e and J . Stange) 

A s u m m a r y of i r r a d i a t i o n s p e r f o r m e d in R a c k M-1 for J a n u a r y 
t h rough M a r c h , 1963 is g iven in T a b l e V I - 1 . 

T a b l e V l - 1 

SUMMARY O F IRRADIATIONS P E R F O R M E D IN RACK M-1 
DURING JANUARY THROUGH MARCH, 1963 

Month 

J a n u a r y 

F e b r u a r y 

M a r c h 

T o t a l s 

No . of 
S a m p l e s ^ 

47 

55 

79 

181 

No. of 
Spec ia l 

D o s i m e t r y 
S a m p l e s 

10 

10 

24 

44 

To ta l 

DayC 

256 

375 

410 

1041 

Urn Uni ts^ 

Night 

999 

1179 

1529 

3707 

3-Equivalent to a No. 2 s i ze c a n . 

I 'One u r n uni t e q u a l s 2 x 1 0 ^ r a d . 

'^Includes load ings and r e - i m m e r s i o n s . 
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